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Université de Namur 
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Matériaux en carbone hiérarchiquement poreux pour une batterie Li-Se avancée 
Hongyan Li 

Résumé 
Les batteries sont devenues un appareil apprécié en raison de leurs caractéristiques propres, efficaces et 
amovibles. Les batteries Li-ion ont déjà été appliquées avec succès dans les domaines des véhicules, des 
équipements électroniques, de l'aérospatiale, etc. La demande pour le haut environnement, haute densité 

d’énergie, faible volume, et large application de la température, à son tour, favorise le développement de 
nouveaux systèmes de stockage de batterie comme les batteries Li-S, Li-O2, Na-ion, K-ion, Al-ion, etc. Les 

batteries Li-Se, en raison de la capacité spécifique élevée (675 mA h g-1) et une conductivité beaucoup plus 
élevée de Se que de S, sont devenus un candidat prometteur et ont atteint un développement significatif au 
cours de ces quelques décennies. Malheureusement, la décroissance de la capacité de la batterie par la 
diffusion des polyséléniures intermédiaires (Sen

2-, n≥4) et l'expansion volumique de la cathode ont limité la 
commercialisation des batteries Li-Se. En outre, les problèmes de fuite d'électrolyte et de croissance de 
dendrites de lithium doivent également être surmontés. 

Dans cette thèse, nous allons d'abord parler de la vue d'ensemble des batteries Li-Se. Dans lequel l'historique 
du développement des batteries, le mécanisme de la batterie Li-Se, les défis auxquels elle est confrontée et 
les stratégies pour résoudre ces problèmes seront décrits en détail. Notre travail se concentre principalement 

sur la conception et la structuration de matériaux hôtes de la cathode Se pour supprimer la diminution rapide 
de la capacité des batteries causée par la diffusion de polyséléniure. La recherche peut être divisée dans les 

trois parties suivantes: 
1. Les matériaux en carbone tridimensionnels hiérarchiquement micro-méso-macroporeux ont été conçus 

comme matériau hôte du Se. Le confinement et la richesse des sites de réaction de Se par les micropores et 
l’électrolyte rapide et le transfert des ions par les voies méso-macropores interconnectées, assurent la 
stabilité de la batterie Li-Se et la capacité de taux élevé. De plus, la taille optimisée de spores de ces trois 
pores a été explorée et a obtenu les meilleures performances électrochimiques. 

2. La forte interaction entre les matériaux hôtes et les espèces Se de la chimisorption pourrait péniblement 
confiner l’espèce Se dans la cathode, ce qui est bénéfique pour la longue durée de vie de la batterie Li-Se. 

En combinant les avantages des cadres micro-méso-macroporeux, on a fabriqué un cadre monocristallin 
métal-organique (MOF)-dérivé de carbone N-dopé ordonné hiérarchiquement poreux. Bénéficiant de la 

synergie de l'adsorption physique des micropores et de la chimisorption du dopage N, combinée à la 
conception poreuse optimisée, la capacité de la batterie a encore été améliorée. 
3. Afin de briser la limitation du site polaire apportée par le dopage à l'azote, des oxydes bimétalliques 
amorphes CoSnO3 ont été introduits dans le système hôte du nanotube de carbone interconnecté (CNT). 

Outre l'adsorption accrue aux polyséléniures, le CoSnO3 introduit a montré un effet catalytique sur les 
réactions redox au cours du processus de décharge/charge. De plus, la méthode de calcul de la théorie 

fonctionnelle de la densité (DFT) permet d’accéder au mécanisme catalytique. 

Essai soumis pour le diplôme de docteur en sciences 
Novembre 2022 
Superviseur: Prof. Bao-Lian Su 
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University of Namur 
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Rue de Bruxelles 61-5000 Namur 

Phone:+32 498 69 30 69 

Hierarchically porous carbon materials for advanced Lithium-Selenium battery 

Hongyan Li 
Abstract 

Batteries became a welcomed device due to their clean, efficient, removable features. Li-ion batteries have 
already been successfully applied in the fields of vehicles, electronic equipment, aerospace, etc. The demand 

for the high environment-friendly, high energy density, small volume, and wide temperature applicability, 
in turn, promotes the development of new battery storage systems, such as Li-S batteries, Li-O2 batteries, 
Na-ion batteries, K-ion batteries, Al-ion batteries, etc. Li-Se batteries, due to their high specific capacity 
(675 mA h g-1) and much higher conductivity of Se than S, became a promising candidate and have achieved 

significant development in these few decades. Unfortunately, the capacity decay of the battery by the 
diffusion of the intermediate polyselenides (Sen

2-, n≥4) and volume expansion of cathode have limited the 

commercialization of Li-Se batteries. In addition, the problems of electrolyte leakage and growth of lithium 
dendrites should also be overcome. 

In this thesis, we will first talk about the overview of the Li-Se batteries. In which the development history 
of batteries, the mechanism of Li-Se battery, the challenges it faces, and the strategies how to solve these 
problems will be described in detail. Our work mainly focuses on designing and structuring Se cathode host 
materials to suppress the rapid capacity fading of batteries caused by polyselenide diffusion. The research 

can be included in the following three parts: 
1. The three-dimensional ordered hierarchically micro-meso-macro-porous carbon materials were designed 

as Se host material. The confinement and rich of reaction sites of Se by the micropores and the rapid 
electrolyte and ions transfer by the interconnected meso-macropores pathways, ensure the stability of the 

Li-Se battery and high rate capability. Moreover, the optimized pore size of these three pores range value 
was explored and achieved the best electrochemical performance. 
2. The strong interaction between host materials and Se species of chemisorption tiredly confines the Se 
species in the cathode, which is beneficial for the long lifespan of Li-Se battery. Combining the advantages 

of the micro-meso-macroporous frameworks, single-crystal metal-organic framework (MOF)-derived N-
doped ordered hierarchically porous carbon was fabricated. Benefiting from the synergy of physical 

adsorption of micropores and chemisorption of N-doping, combined with the optimized porous design, the 
capacity of the battery achieved a further improved. 

3. In order to break the number of the polar site limitation brought by nitrogen doping, amorphous bimetallic 
oxides CoSnO3 was introduced to the host system of the interconnected carbon nanotube (CNT). Besides 
the further enhanced adsorption to polyselenides, the introduced CoSnO3 showed catalytic effect on the 
redox reactions during the discharge/charge process. The catalytic mechanism was accessed by the density 

functional theory (DFT) calculation method. 
 
Essay submitted for the degree of Doctor of Science 
November 2022 
Supervisor: Prof. Bao-Lian Su 
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Abstract 

In recent years, lithium-selenium (Li-Se) batteries have attracted increasing attention due to their 

high theoretical volumetric capacity, better electrochemical performance and much higher 

conductivity of selenium compared to sulfur. However, its practical application still faces great 

challenges in maintaining high capacity stability and the tricky safety hazards. To address these 

problems, a lot of research and optimization work have been carried out on Li-Se batteries, from 

selenium cathodes, lithium anodes, and electrolytes to separators. This chapter reviews the current 

status of Li-Se batteries, focusing on the polyselenides (PSe, Sen
2-, n=4-8) confinement effect to 

reduce the shuttle effect, high ionic conductivity and stable electrolyte, and the suppression of the 

lithium dendrites. The future scope for the development of the Li-Se battery is also proposed. 

Afterwards, the purpose, scientific strategy and main research methods on our research work are 

described. 
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Introduction 

With increasingly severe energy demands and environmental issues, as well as the rapid 

development of electronic and electrical equipment, batteries as high-capacity energy storage 

devices are urgently needed[1]. In 1990, Sony Corporation introduced graphite-based lithium-ion 

battery (LIB) to market, announcing the arrival of the battery age[2]. Since then, LIB has been 

widely applied in electronic equipment, electric tools and electric vehicles due to its low self-

discharge, absence of memory effect, wide operating temperature range, and long cycle life[3]. 

However, limited by its low theoretical specific capacity (LiCoO2: 278 mA h g-1) and security risks 

of electrolyte leakage and self-ignition, LIB is difficult to meet the demand of high-performance 

portable electronic devices and electric vehicles[4-6]. The next generation metallic battery, 

especially the Li-S battery, has shown various merits, such as high theoretical capacity (1672 mA 

h g-1), low cost and environmental friendliness, which leads to remarkable development in recent 

years[7-9]. Nevertheless, problems of low electrical conductivity of sulfur, polysulfide dissolution 

in electrolytes, redox shuttle effect as well as deposition of Li2S on the Li anode hinder the practical 

application of Li-S battery[10, 11]. 

Selenium, as another chalcogen element, has recently attracted enormous attention. Compared 

to sulfur (5×10-28 S m-1), selenium has a much higher electrical conductivity (1×10-5 S·m-1), which 

is beneficial for electron transport in batteries. Moreover, the shuttle effect produced by soluble 

polyselenides (PSe) in Li-Se battery is much weaker than that of polysulfide in the Li-S battery[12]. 

Li-Se battery has a comparable theoretical volumetric capacity (3253 mA h cm-3) to that of Li-S 

batteries (3467 mA h cm-3) due to the significantly higher mass density of selenium (4.81 g·cm-3) 

than that of sulfur (2.07 g·cm-3), which is one of the most important properties to miniaturize 

batteries for portable devices[13]. These advantages suggest that the Li-Se batteries are promising 

energy storage devices in the future. 

However, the commercial applications of Li-Se batteries are severely hampered by their low 

practical capacity and poor stability due to the shuttle effect of PSe, low selenium utilization and 

production of lithium dendrites[14, 15]. To address these problems, considerable efforts have been 

devoted to research on Li-Se battery, especially in recent years. Research statistics shown in Fig. 

1 indicates that the number of research works on Li-Se battery is growing exponentially and that 

most of them focus on cathode. Although several excellent review papers for the Li-Se battery have 
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been published, their focus is made on a single or part aspect of the battery[16, 17]. A complete guide 

for designing high-performance Li-Se batteries is highly recommended to respond to the urgent 

need for the rapid development of Li-Se batteries from academia and industry as well. In this review, 

we provide a comprehensive summary of breakthroughs and innovations, including the 

construction of novel cathode materials, tuning of the electrolytes, design of separators and anode 

modification, emphasizing the suppression of shuttle effect and lithium dendrites, the most 

challenging part of improving battery performance. The strategies and key facts of high-

performance Li-Se battery are introduced and discussed in this review. The working mechanism of 

Li-Se batteries is firstly presented to understand how the reaction is undergoing and know the 

problems at the source. Then, the improvement strategies are classified according to the different 

parts of the battery. Finally, a perspective insight of the future research in Li-Se batteries is 

provided. 

 

Fig. 1 Papers published till 2022 of Li-Se batteries (a) documents by year, (b) documents by assembly unit. 

1 Overview of Li-Se battery 

Li-Se battery as an energy storage device realizes the charge/discharge process through the 

interconversion of electrical energy and chemical energy. Fig. 2 schematically shows that the Li-

Se batteries are composed of selenium cathode, separator, lithium anode and filled with electrolyte 

in the cells. The reversible electrochemical reaction of Se with Li occurs in the Li-Se battery during 

discharge/charge process. The parameters of the batteries are essential indicators for judging their 

performance. 
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Fig. 2 Schematic diagram of lithium selenium battery. 

1.1 Working mechanism for Li-Se battery 

Different from the intercalation and deintercalation mechanism of current commercial 

lithium-ion batteries, lithium-selenium batteries are based on the redox reaction between selenium 

and lithium. Generally, during discharge process, the lithium anode undergoes an oxidation 

reaction and releases electrons and lithium ions. Then, the electrons arrive at cathode side through 

the external circuit, while the lithium ions dissolve in the electrolyte and reach the same side 

passthrough the separator in the internal circuit. Then, selenium gains electrons and gradually 

reacts with lithium ions to form Li2Se[18-20]. In ether-based electrolyte, the discharge process can 

be derived into four stages, as shown in Fig. 3. These four stages reaction are shown below: 

(Ⅰ) In the first stage, the ring Se8 (Fig. 3) is lithiated to form long chain polyselenide of Li2Se8 

(Equation 1): 

𝑆𝑒 + 2𝑒 → 𝑆𝑒                  (1) 

(Ⅱ) Then, Li2Se8 reduced to Li2Sen (n≥4) and form a reduction platform at voltage of ~2.1 V 

(Equation 2): 

𝑆𝑒 + 2𝑒 → 𝑆𝑒  (n ≥ 4)     (2) 
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(Ⅲ) After, the long chain Li2Sen is reduced to Li2Se2. Here, the second reduction platform appears 

at voltage of ~2.0 V, and the capacity increases greatly (Equation 3): 

𝑆𝑒 + 2𝑒 → 𝑆𝑒               (3) 

(Ⅳ) Finally to Li2Se (Equation 4), 

𝑆𝑒 + 2𝑒 → 2𝑆𝑒               (4) 

The charging process is completely opposite to the discharging process from Li2Se back to Se again. 

The molecular structure of different PSe are shown in Fig. 3. Thus, the reaction in ether-based 

electrolyte is a multi-step reaction. The start and end products of Se8 and Li2Se are solids, while 

the intermediate products of Li2Sen are dissolved in liquid. The reaction is a solid-liquid-solid 

process. 

 

Fig. 3 Reaction mechanism of Li-Se battery and products of Se8 to Li2Se. (blue and green balls symbolize 

lithium and selenium atoms, respectively). 

1.2 Performance parameters for Li-Se battery 

1) Electromotive force (EΘ) 
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EΘ is the thermodynamic equilibrium voltage under standard conditions (1atm, 298 K). Let us 

consider the generic electrochemical reaction: 

αA+βB→γC+δD 

If all the standard Gibbs free energy of the reaction is transformed into electrical energy, the 

equilibrium voltage can be calculated by the following formula[21, 22]: 

∆ 𝐺 = 𝛾∆ 𝐺 + δ∆ 𝐺 − 𝛼∆ 𝐺 − 𝛽∆ 𝐺 = −𝑛𝐹𝐸  

ΔrGΘ is the standard Gibbs free energy of the reaction. ΔfGΘ represents the standard Gibbs free 

energy of a specific material. n is the number of electrons (mol) transferred in the redox reaction. 

F is Faraday's constant, which represents the charge carried by each mole of electrons, which is the 

product of Avogadro’s number (NA=6.02214×1023 mol-1) and the elementary charge 

(e=1.602176×10-19 C), F=96485.3383 C mol-1. 

2) Theoretical capacity (C0) 

In the theoretical case, all of reactants participate in the electrochemical reaction to provide capacity. 

The detailed derivation can be found in many other papers[22, 23]. Its value is calculated by the 

following formula: 

𝐶
𝑚𝐴 ℎ

𝑔
= 𝐹

𝐶

𝑚𝑜𝑙
× 𝑛 ×

1

𝑀
(
𝑚𝑜𝑙

𝑔
) ×

1

3.6
(
𝑚𝐴 ℎ

𝐶
) 

M is the molar mass of the reactant and 1 mA h=0.001A×3600 S=3.6 C. 

For Se cathode, n=2, M=78.971 g mol-1, thus the theoretical capacity of Se is: 

C0(Se)=nF/3.6M=678 mA h g-1 

3) Volume energy and mass energy density (EV and Em) 

The energy released per unit volume (L) or unit mass (KG) of battery[24]: 

𝐸
𝑊ℎ

𝐿
=

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝐴 ℎ) × 𝐸 (𝑉)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 

𝐸
𝑊ℎ

𝐾𝐺
=

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝐴 ℎ) × 𝐸 (𝑉)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 

4) Power density (PE) 
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Power density refers to the output power per unit mass or unit volume of the battery, and specific 

power is an important indicator to evaluate whether the battery meets the acceleration performance 

of electric vehicles. 

𝑃 (
𝑊

𝐿
𝑜𝑟 

𝑊

𝐾𝐺
) =

𝐸  𝑜𝑟 𝐸

𝑇(ℎ)
 

Here, T is the time consumed in charge or discharge of the battery. 

5) Battery discharge/charge rate (C-rate) 

The C-rate is a measure of the speed of discharge. Discharge rate refers to the current value required 

to discharge its rated capacity value within a specified time. For example, 1 C means the current 

strength of the battery when it is fully discharged in 1 h. 

𝐶 =
Charge and discharge current (A) 

Rated capacity (Ah)
 

For Se cathode battery, at C-rate of 0.1 C, the battery finishes the discharge/charge process at the 

constant current of 678 mA×0.1=67.8 mA in 10 h. 

6) Coulombic efficiency (CE) 

Coulombic efficiency refers to the ratio of battery discharge capacity to charging capacity during 

the same cycle, that is, the percentage of discharge capacity to charging capacity. 

For the positive electrode material, 

𝐶𝐸 =
𝐶

𝐶
=

𝐶

𝐶
 

For negative electrode material, 

𝐶𝐸 =
𝐶  

𝐶
=

𝐶

𝐶
 

1.3 Key factors for Li-Se battery 

Li-Se batteries, as one of the most attractive next generation energy storage devices, have been 

attracted significant attention, but it also undergoes some critical challenges: 
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1) Se cathode undergoes volume expansion when reacting with lithium. The density of the 

discharge product Li2Se is lower than that of Se, which leads to the expansion of the active Se 

particles, finally leading to the active Se pieces peeled off and loss. 

2) Se and discharge products Li2Se and Li2Se2 have low electrical conductivity and are not 

conductive to the transport of electrons in the electrode material, leading to the low reaction activity 

between Se and Li. 

3) The “shuttle effect” deceases the stability of the capacity of Li-Se battery. During discharge, the 

produced long-chains PSe dissolve in the electrolyte and diffuse to the negative electrode with the 

assistance of the concentration gradient, where the PSe products directly react with lithium metal 

to form short-chain lithium polyselenides or Li2Se. Part of the remaining PSe will then diffuse back 

to the positive electrode under the effect of potential difference, and return to long-chain PSe in 

charging. The phenomenon of repeated back-and-forth diffusion is called the “shuttle effect”[25-27]. 

The shuttle effect eventually leads to irreversible loss of active Se, resulting in rapid capacity 

degradation, battery life decay and poor Coulombic efficiency. 

4) Due to the excessive local current, lithium dendrites grow on the surface of Li foil and pierce 

separator and induce an internal short-circuit of batteries, which leads to the explosion and self-

ignition of the battery. 

 

Fig. 4 The resolution strategies of Li-Se batteries. 
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To overcome the above shortcomings, various strategies have been explored for each part of 

the battery, Fig. 4 summaries the widely conducted strategies: 1) Designing and preparing novel 

cathode materials with modified morphology and composition, which not only effectively improve 

electron and ion transportation but also significantly inhibit the shuttle effect of PSe; 2) Adding 

active materials to optimize the electrolyte or preparing solid electrolytes; 3) Treating the surface 

of existing commercial separators to prevent the passage of PSe; 4) Modifying the lithium anode 

of the battery to avoid the formation of lithium dendrites. These efforts effectively suppress the 

shuttle effect of PSe, improve the utilization of active substances and reduce the generation of 

dendrites, thereby improving the electrochemical performance of Li-Se battery. 

2 Se cathode 

Se cathode is the most critical part of the Li-Se battery where the active Se exists. 

Unfortunately, here is also the place where the above-mentioned shuttle effect, active Se loss, and 

volume expansion happen. Although compared with S, the conductivity of Se has a significant 

improvement, the electron transfer is still limited. It is important to modify the selenium electrode. 

Increasing the surface area of active Se by reducing Se particle size or morphology design is the 

most direct method. The problem of volume expansion can be alleviated, and at the same time, 

more reaction sites can be exposed. Another feasible method is to confine Se inside of conductive 

framework materials. Besides the improved conductivity of the cathode, framework materials with 

porous structure and high specific surface area exhibit strong adsorption to PSe, which can trap the 

PSe inside the selenium electrode, thereby reducing the dissolution of the PSe. To avoid the 

dissolution of PSe and loss of Se, the atoms of Se can bind with some polystructure to form hybrid 

sulfur-selenium co-polymers to fix the Se. Moreover, adjusting the electrolyte to decrease the 

solubility of PSe to convert the solid-liquid-solid reaction into a solid-solid reaction is another 

direction to avoid the shuttle effect. Further, SeS cathode could achieve a high capacity and 

improved electrical conductivity, showing an excellent property. In addition, freestanding and 

binder-free Se-host cathode could greatly decrease the weight of the battery, thus can significantly 

increase the energy density. The method to be executed is shown in Fig. 5. 
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Fig. 5 The resolution strategies developed in cathode of Li-Se batteries. 

2.1 Modification of the active Se nanoparticles 

Selenium, being worked as active material, its content and utilization have a direct influence 

on the energy density of the Li-Se battery. Se particles directly used as the active materials is a 

simple method for their application. However, the electrolyte transfer, conductivity of electrode as 

well as the Se particle expansion limit the full utilization of Se, leading to quick capacity drop. 

Thus, morphology modification of selenium to get a high surface area is a good strategy to solve 

the above problems. 

The synthesis of Se particles can be realized by solution route[28], mechanical method[29], and 

template methods[30]. Liu et al. synthesized a kind of nanoporous selenium (NP-Se) and directly 

used it as active material[29], as is shown in Fig. 6a. Compared with commercial Se particles (CP-

Se, only 0.3 m2 g-1), the BET surface area of the NP-Se (40.9 m2 g-1) enlarged obviously. The 

reversible capacity of the NP-Se retained 206 mA h g-1 in the 20th cycle, which is much higher than 

that of CP-Se. Kundu et al. fabricated trigonal selenium (t-Se) nanofibers (Fig. 6b) and used in Li-

Se battery[31]. In Fig. 6c, the electrochemical performance of pure t-Se fibers electrode exhibited 

high specific capacity of 678 mA h g-1 at the current of C/120, but the capacity greatly decreases 

at high rate current density because of the collapse of the trigonal structure of selenium and the 

limitation of the electrons/ions transfer. By coating a protective layer of polypyrrole or graphene, 
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the obtained t-Se/-polypyrrole and t-Se/-graphene composites achieve improved electrochemical 

performance due to the reduced polarization and the enhanced electron transport. Moreover, Se 

nanowires@Al2O3 core-shell nanowires were fabricated with the help of anodic aluminum oxide 

(AAO) template[30]. Fan et al. synthesized hollow Se nanospheres and encapsulated them with 3D 

graphene hydrogels[28]. With the protection coating layer, the electrochemical performance of the 

battery has some degree of improvement in capacity and stability. In order to tightly confine Se  

 

Fig. 6 (a) Cycling performance of nanoporous Se (NP-Se: image inserted) and commercial Se (CP-Se)[29], 

(b) SEM image of the t-Se nanofibers with a TEM ED pattern that has been recorded of the fibers, shown 

in the inset, (c) Galvanostatic discharge curves of pristine t-Se electrode at different current rate[31], (d) The 

synthesis process and (e) SEM image of Se NPs@CTAB-MWCNTs composite[32], (f) N2 adsorption 

desorption isotherms, (g) Cycle performance and (h) Initial charge–discharge behavior of the a-Se, c/a-Se, 

and c-Se nanowires, respectively[20]. 
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particles in cathode,Mukkabla et al. in-situ integrated the selenium nanoparticles (NPs) with CTAB 

decorated MWCNTs and fabricated Se NPs@CTAB-MWCNTs with the process indicated in Fig. 

6d[32]. The Se NPs@CTAB-MWCNTs (Fig. 6e) composite cathode delivered a high initial 

discharge capacity of 570.4 mA h g-1and the capacity retained at 171.8 mA h g-1 after 500 cycles. 

It should be noted that when the Se particle is broken into pieces, the fix function by the in-situ 

connection will be greatly discounted. 

Through unique morphology design of high surface area Se particles, the electrochemical 

performance of Li-Se batteries has achieved obvious improvement. However, the expansion 

problem of crystalline Se still exists. In order to clarify the (De)Lithiation mechanisms at different 

Se crystalline states, Zhou et al. prepared amorphous, crystalline and crystalline/amorphous 

selenium nanowires (NWs), labelled as a-Se NWs, c/a-Se NW and c-Se NW, respectively[20]. As 

shown in Fig. 6f, amorphous Se nanowires (a-Se NWs) have a further increased surface area than 

crystalline Se nanowires. The amorphous material is in a metastable state with more active sites 

due to the “dangling bonds” and a higher surface-bulk ratio. The a-Se NWs achieved better 

performance than c/a-Se NW and c-Se NW, with a reversible capacity of 755 mA h g-1 and 350 

mA h g-1 after 100 cycles (Fig. 6g). The a-Se NW and c/a-Se NW are reduced to polyselenides 

Li2Sen (n≥4), Li2Se2, and Li2Se sequentially during the lithiation, while c-Se NWs cathode was fast 

reduced to Li2Se (Fig. 6h). 

Selenium with larger surface area morphology could improve the cycle stability and specific 

capacity performance of Li-Se battery. That is beneficial from more active Se reaction sites, the 

shorten pathways of electrons and lithium ions, accommodate volume expansion, and promote 

efficient penetration of the electrolyte inside. In addition, compared with crystalline Se, the 

amorphous Se achieved higher performance in Li-Se battery. That is due to the abundant active 

sites present in amorphous Se. Guided by this conclusion, the research attention in Li-Se batteries 

was paid on searching for a simple method to prepare amorphous selenium. Confining Se inside of 

porous framework to keep its amorphous state is a simple and efficient method. 

2.2 Se confinement in host materials 

Porous frameworks can have large space for Se loading. Moreover, the dispersed Se inside of 

framework host can stay in amorphous state or very small crystalline Se particles, which is 

beneficial for the electrochemical reaction. Besides the high ability of Se loading, the framework 
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usually with high conductivity is beneficial for the transport of electrons. In addition, the enhanced 

adsorption of lithium polyselenides by the introduced host materials will depress the shuttle effect. 

As a carrier for active selenium, the host materials must have the following characteristics: 1) good 

conductivity to compensate for the low conductivity of selenium; 2) sufficient space to load 

selenium; 3) ability to prevent the diffusion of polyselenide. After intensive research, it was proven 

that carbon hosts with high surface areas, high electrical conductivities and large pore volumes are 

ideal framework materials to encapsulate the active selenium[33-35]. In addition, some oxides and 

nitrides also showed high potential in Li-Se battery[36]. 

2.2.1 Carbon-based host materials 

For the selenium cathode, the confined selenium inside of porous carbon material can 

effectively improve the performance of the Li-Se battery[37]: 1) the conductivity of the carbon 

material can improve the electron transport in the cathode, 2) the high specific surface area of the 

carbon material can provide a larger electrode reaction area and improve the electrochemical 

activity of selenium, 3) the pores in carbon material have a strong adsorption effect on PSe to 

reduce the shuttle effect. Moreover, heteroatoms doped carbon materials can effectively prevent 

the dissolution of PSe via the enhanced chemisorption. Thus, using physical confinement effects 

and chemisorption to inhibit the dissolution and diffusion of PSe is the effective approach to 

suppress the shuttle effect. 

2.2.1.1 Carbon materials with physical confinement effects (porous structure design) 

The physical confinement effects (van der Waals adsorption) can effectively inhibit the 

dissolution and diffusion of polyselenides. Since the porous structure and pore size affect the 

strength of the adsorption, the structural design of the carbon material has a great influence on the 

physical confinement effects. Carbon materials of various dimensions are used as conductive 

carriers of selenium in the cathode, which improves the performance of the Li-Se battery. The 

common carbon host materials can be categorized as carbon spheres[38], one-dimensional materials 

(such as carbon nanotubes, carbon fiber)[39], two-dimensional materials (such as graphene, 

graphene oxide), and three-dimensional materials[40]. 

Carbon Spheres 

Spherical nano-materials, due to their advantages of uniform dispersion, tunable pore size 

distribution, high specific surface area and enhanced strong adsorption capacity for PSe, have 
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aroused extensive research enthusiasm to prepare carbon spheres as Se host materials using 

different methods[41]. For instance, Yan et al. prepared monodisperse carbon spheres (RFCS) as Se 

host material[42]. The pore size distribution of RFCS mainly ranges in micropores (Fig. 7a). The 

introduced Se occupied the pores of RFCS and stayed in amorphous state. The Li-Se battery based 

on RFCS/Se-50 composite exhibited a high reversible capacity of 643.9 mA h g-1 in the 100th cycle 

at 0.2 C (Fig. 7b). Li et al. prepared microporous carbon nanospheres (PCNs) by a hydrothermal 

route[43]. The carbon material had a high specific surface area of 853 m2 g-1 and the selenium content 

in the corresponding Se/C composites was 70.5 wt.%. The battery exhibited a volumetric capacity 

density of 3150 mA h cm-3. 

However, high viscosity liquid electrolytes cannot effectively penetrate the carbon spheres 

with only micropores. Therefore, carbon microspheres with developed mesopores and micropores 

and high pore volume have been prepared. For instance, Hong et al. designed graphitic carbon (GC) 

microspheres with well-developed mesopores[44], resulting in a longer cycle life and excellent rate 

performance (584 mA h g-1 at 0.5 C after 850 cycles). Park et al. synthesized well-developed 

micropores and mesopores carbon microspheres (Fig. 7c)[45]. The carbon/Se electrodes exhibited 

initial charge capacities of 632 mA h g-1 and a stable reversible capacity of 582 mA h g-1 after 500 

cycles at a current density of 0.5 A g-1. Even at a high current density of 2.0 A g-1, the capacity 

achieved a value of 343 mA h g-1 after 2000 cycles, which is much higher than similar microspheres 

having only micropores. 

Introducing hollow structure into the carbon sphere cores can further improve the battery 

performance due to the obtained thin wall that facilitate the electron and Li-ion transport, provide 

sufficient void space to accommodate the volume expansion, and hinder the dissolution of the 

PSe[47]. Hollow carbon materials such as hollow carbon spheres (HCPSs)[48] and porous hollow 

carbon spheres (PHCSs)[49] were synthesized. Hong et al. synthesized micro- and mesoporous 

hollow carbon microspheres, as shown in Fig. 7d[46]. The Se-impregnated hollow carbon (C-Se) 

microspheres perform a good stability, with a discharge capacity of 525 mA h g-1 after 1000 cycles 

at a constant current density of 0.5 A g-1, and 87% capacity retained compared with the 2nd cycle 

capacity of 603 mA h g-1. Moreover, Pongilat et al. synthesized hollow carbon spheres (HCSs) 

with tunable sizes to explore their size-dependent charge storage behavior[50]. Se@HCS200 with a 

sphere size of 200 nm achieved optimized electrochemical performance due to the advantages in 

improving diffusion kinetics and correspondingly enhancing electrochemical performance. 
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Fig. 7 (a) N2 adsorption−desorption isotherms of RFCS and RFCS/Se composite with different mass ratios 

(inserted is pore size distribution)[42], (b) cycling performance of RFCS/Se electrodes, (c) P- and A4-carbon 

structure and their cycling performances[45], (d) Hollow C-Se composite and its cycling performances[46]. 

Carbon spheres have an isotropic structure, which is beneficial for their uniform dispersion in 

the system. High surface area microporous carbon spheres contain enough space for active Se and 

reaction sites, however, the mass transfer in the micropores will be limited. Introduction of 

mesopores in microporous carbon sphere can solve this problem and achieve a better rate capability. 

In addition, confining Se in the hollow carbon is also an effective method to suppress the shuttle 

effect and volume expansion, leading to a stable performance in the Li-Se battery. 

One-dimensional carbon materials 

One-dimensional carbon materials have a high aspect ratio, which can form an interconnected 

network, enabling the Se/C composites to have long-range conductivity and thus efficient utility in 
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Li-Se battery. Commonly, one-dimensional carbon materials include carbon nanotubes and carbon 

fibers. 

Carbon nanotubes with a hollow innertube have the characteristics of high conductivity, high 

lithium-ion and electron mobility, and active Se loading space, which help to improve the capacity 

of the Li-Se battery. Wang et al. loaded small sizes of selenium particles into multi-walled carbon 

nanotubes (MWCNTs), and the obtained Se/C electrodes delivered a high initial discharge capacity 

(645.7 mA h g-1) and cycling stability (355.5 mA h g-1 at 0.5 C after 100 cycles)[51]. To block the 

diffusion of PSe, Balakumar et al. synthesized Tube-in-Tube carbon (TTC) material with the 

assistance of SiO2 as hard template (Fig. 8a)[52]. The MWCNTs (core) backbone provided the facile 

electron transfer path while the surrounding porous carbon (shell) prevented the loss of active 

material. The Se@TTC cathode delivered an initial capacity of 625 mA h g-1 at 0.2 C and retained 

at 403 mA h g-1 after 800 cycles. Due to the long distance of the CNTs for Se loading, there are 

still a lot of non-loaded regions in CNT. Dutta et al. used pressure-induced capillary encapsulation 

protocol to confine sulfur and selenium inside the open-ended CNTs[53]. In Fig. 8b, the concave Se 

meniscus and the small contact angle of confined Se (θc) inside the inner cavity of the CNT indicate 

the small vapor-Se surface tension. In this method, the S/Se mass ratio in S/Se-CNTs reached 

nearly 85%. 

Carbon fiber with a cross-linked network structure facilitates electron transport. For a better 

application in Li-Se batteries, carbon fibers rich in pores with high specific surface area are required 

for selenium incorporation, and PSe capture. Wang et al.[54] and Zeng et al.[55] respectively 

fabricated polyacrylonitrile–selenium (PAN–Se) fibers by electrospinning technique, and obtained 

CPAN/Se mixtures after carbonization. In the composite, Se clusters are chemically bonded and 

physically encapsulated by carbonized PAN-CNT composite (Fig. 8c), which suppresses the 

shuttle effect of the battery. The CPAN/Se composite cathode delivered a high capacity of nearly 

600 mA h g-1 in the 500th cycle. To further increase the Se loading and inhibit the shuttle effect, 

Zhang et al.[56] and Liu et al.[57] activated cross-linked porous carbon nanofiber webs (PCNFWs) 

and microporous carbon nanofibers (MCNF) with KOH to introduce micropores. The 

interconnected fiber structure, which displays the highly desirable characteristics of abundant 

porous nanostructure, interconnected channel structure, and high specific surface area, achieved 

superior electrochemical performance in Li-Se battery (414.5 mA h g-1 after 100 cycles at 0.2 C 

and 400 mA h g-1 after 2000 cycles at 1 C). To further improve the battery cyclability, Mukkabla 
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et al. coated conducting polycarbazole (PCZ) layer on the surface of Selenium@Conical Carbon 

Nanofibers electrode[58]. The coating acted as a barrier to restrict the dissolution and crossover of 

PSe, thereby minimizing the capacity decay of the battery. As shown in Fig. 8d, the cathode with 

PCZ coating displays a very slow capacity decay, eventually maintaining a reversible capacity of 

640 mA h g-1 after 100 cycles at 0.1 C. 

 

Fig. 8 (a) HRTEM image of TTC/Se-50 and reaction inside[52], (b) Bright-field TEM and HRTEM images 

of Se-CNT showing concave meniscus of Se filament in the interior core of CNT[53], (c) Schematic 

illustration of the synthesis process for Se@CNFs-CNT electrode[55], (d) Cycling stability of different cells 

at 0.1 C-rate over a voltage range of 1.65–3 V (cc and dc represent charge and discharge capacities)[58]. 
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One-dimensional carbon host materials exhibit a very good electron conductivity; the carbon 

nanotubes or fibers are thus commonly used in Li-Se batteries. High Se loading and suppression of 

shuttle effect are always the unchanged challenges to address. These problems can be alleviated by 

enriched porous structure design or protection layer. 

Two-dimensional carbon materials 

Carbon nanomaterials with two-dimensional (2D) structures have high specific surface area, 

excellent conductivity and stability. 2D nanomaterials are composed of thin layers and even can 

reach to one atomic layer. In this case, the Li+ ion is easy to connect with the host material reaction 

sites; coupled with the high electron transfer of the high graphitized structure, the 2D carbon 

achieved high performance. 

Graphene is the most widely studied 2D nanomaterial due to its excellent electrical 

conductivity and ease of functionalization. Youn et al. synthesized a novel graphene-selenium 

hybrid microballs (G-SeHMs) by wrapping around micro-sized Se particles with graphene 

sheets[59]. The hybrid microballs are well encapsulated by graphene sheets, which served as 

confinement matrices for selenium fixing, thereby suppressing the dissolution of polyselenide 

during the charging/discharging process, meanwhile, providing an electrically conductive path for 

increasing the rate of electron transfer. The hybrid materials as a cathode in Li-Se batteries 

exhibited a high specific capacity, good rate capability, and stable cycling performance. Zhang et 

al.[60] synthesized porous carbon nanosheets (CNS) and Zhao et al.[61] prepared carbon nanoplate 

for Se loading by calcination of potassium citrate. The optimal Se/CNSs composite achieved a 

reversible capacity of 672 mA h g-1, and remained at 376 mA h g-1 after 1000 cycles at 0.5 C. The 

porous carbon nanoplate/Se composite exhibited a discharge capacity of 589.2 mA h g-1 at 0.2 C 

and good rate capability of 415.2 mA h g-1 at 4 C. The superior electrochemical performance was 

attributed to the rich content of micro/mesopores, nanoplate structure and a high graphitization 

degree of the carbon host. 

Although these 2D carbon sheet based materials have improved the performance of Li-Se 

batteries, the application of sheet structure in lithium selenium batteries is still limited, and there 

still exists great scope for future work. Due to the high aspect ratio (surface-area-to-volume ratio), 

heteroatoms are easier to decorate on their surface. Thus, introducing other polar particles or 

heteroatoms on its surface could further enhance the adsorption of PSe. 
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Three-dimensional (3D) carbon materials 

3D carbon materials generally have high specific surface area and a rich pore structure, which 

can provide more contact between the active materials and conductive carbon, and enhance active 

Se loading[62]. Besides, the 3D porous conductive network facilitates the transport of electrons. 

Under the capillary effect, the electrolyte can also be fully infiltrated in the pores, which facilitates 

the transportation of lithium ions. At the same time, the abundant pores have a stronger physical 

adsorption effect on the PSe, which can effectively suppress the shuttling effect. The 3D carbon 

materials can be either artificially designed or directly derived from natural biomass materials. 

1) Artificially designed 3D carbon materials 

Artificially designed 3D carbon material can take advantage of every building block by 

selecting appropriate nanostructures. Due to its advantages, 3D carbon materials were applied in 

many devices, such as supercapacitors[63, 64], photoelectric conversion devices[65, 66], energy storage 

batteries[67], electrochemical sensors[68, 69], and other fields[70]. For the lithium battery, the 3D 

interconnected structure provides not only a high surface area for loading more active material but 

also a large pore volume to reduce the structural damage caused by volume expansion. Besides, its 

highly conductive framework is beneficial for electron transfer and offers a pathway for transport 

of Li-ions during electrochemical cycling[71]. The 3D porous carbon materials exhibit good 

performance in Li-Se battery. 

Structured 3D carbon material with 1D and 2D materials as building blocks will be a good 

choice. As we mentioned above, 1D carbon nanotubes have a rapid electron transfer ability, 2D 

graphene layers could provide rich reaction sites and prevent the dissolution of polyselenide. 

Therefore, carbon nanotubes and graphene are commonly used together to build 3D composites. 

There are a lot of work in this field. For example, Li et al. synthesized a series of Se/G-xCNTs 

composites as cathode material for Li-Se battery[72]. The strongly bonded interfaces between 

graphene sheets and CNTs stabilized the 3D CNTs@graphene network composite (G-CNTs), as 

shown in Fig. 9a. Compared with pure CNT or graphene host, the optimized Se/G-18CNTs cathode 

delivered a much higher initial capacity of 575 mA h g-1 at 0.5 A g-1 and a retained of 479 mA h g-

1 at 2.0 A g-1. The achieved good rate capability and cycling stability were due to the 3D 

hierarchical porous framework and excellent electron transfer channels at the interfaces between 
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Fig. 9 Preparation scheme of Se/G-xCNTs composites and their cycling stability and rate capacity[72], (b) 

Structure of the Se/HPCF–rGO composite and its cycle performance[73], (c) Scheme of SPC synthesis 

route[74], (d) The structure of hierarchically ordered porous carbon and size depended performance[75]. 

graphene and CNTs. Zeng et al. fabricated Se/HPCF-rGO composite by coating reduced graphene 

oxide (rGO) on the surface of hierarchical porous carbon fiber (HPCF) and selenium composite to 

suppress the shuttle effect[73]. With the protection of the GO coating layer, Se/HPCF-rGO cathode 

exhibited excellent reversible capacity and high rate performance for Li-Se batteries (Fig. 9b). 

The pore size distribution has a significant influence on the performance of the Li-Se battery. 

Under capillary condensation, the Se prefers to be loaded in the micropores, where the reaction 

takes place and the produced PSe can be confined inside by physical adsorption. While the 

mesopores and macropores form structured highway for electrolyte and ions transfer. Thus, the 3D 

carbon materials with three levels of pore size exhibit a good performance in Li-Se battery. Dai et 

al. synthesized a 3D hierarchically porous carbon structure with a high level of micro-, meso- and 

macro-level porosities using SiO2 as template (Fig. 9c)[74]. The hierarchical electrode architectures 

enabled loading of 57.5wt.% of the active Se material, tight encapsulation of both the small and 

long-chain polyselenide species, inhibition of SEI reaction, and increase of mass transfer of the 

electrolyte. At higher area selenium loading (~3-3.5 mgSe cm-2), the Se/C electrode showed an 
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initial specific discharge capacity of 592 mA h g-1 at a current density of 0.2 C. Our group 

synthesized a 3D ordered hierarchically porous carbon with the help of SiO2 and polystyrene 

spheres[75]. As shown in Fig. 9d, the cathode materials following the concept of the generalized 

Murray’s law maximize the performance of advanced Li-Se battery. 

3D carbon materials are promising host for Se, which can combine all the advantages of 

different materials together, leading to the wonderful electrochemical performance. However, the 

3D synthesis process with designed structure is a complex process, which is hard to realize as 

commercial application. Looking for an easy and green method to get the 3D carbon will be a 

direction of the future efforts. 

2) Naturally derived 3D carbon material 

It is a recognized fact that 3D porous carbon materials are beneficial to improve the 

performance of Li-Se batteries[76, 77]. Generally, the synthesis of materials with complicated 

structures is not only difficult and complex but also expensive. Thus, fabricating carbon materials 

with lower prices and higher performance is highly desirable. Biomaterials are a good choice due 

to their rich carbon elements (protein, fats, carbohydrates), natural abundance, low cost, 

environmentally friendly and easy accessibility. In reasonable dehydration carbonization, 3D 

carbon materials can be fabricated. Because of their unique advantages, carbon materials derived 

from biomass, such as fruit peel[78, 79], cereal shell[80], plant straw[81], animal bones[82], silk[83], etc., 

have been widely used in Li-Se batteries, as is shown in Fig. 10. However, due to the fact that these 

kinds of carbon lack enough micropores for Se loading, further chemical activation treatment to 

bio-carbon is necessary. 

Fruit peel, discarded as useless to increased bio-waste, can be served as a good carbon 

precursor. Therefore, different kinds of fruit peels have been employed as raw materials to prepare 

highly porous and partially graphitized carbon materials. Jia et al. synthesized three-dimensional 

hierarchical porous tubular carbon (HPTCs) using coconut shells[84]. The HPTCs activated by KOH 

have a large BET surface area of 1786.0 m2 g-1. Benefiting from the unique 3D hierarchically 

porous channel structure and high surface area, the prepared HPTCs/Se composite electrode 

exhibited a high capacity of ~515 mA h g-1 at 0.2 C and remained at 317 mA h g-1 after running 

over 900 cycles at high rate of 2 C. With the similar process, 3D porous carbon host materials 

derived from pomelo peel were synthesized by Zhang et al.[85] and Sun et al.[86], respectively. The 
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interconnected micro-macropores, good conductivity, and surface functional group modification 

enable the battery to exhibit good cycle and rate performance. 

Plant by-products are also the main raw materials for the preparation of carbon materials. For 

example, Jia et al. obtained porous carbon from sunflower sponge, and the selenium loading in the 

porous carbon/Se composite was 63 wt.%[87]. Li-Se battery with the porous carbon/Se composite 

electrode delivered a high specific initial capacity of 319 mA h g-1 and maintained 290 mA h g-1 

after 840 cycles at 1 C, representing an extremely high capacity retention of 90.9%. Similarly, 

based on plant by-products loofah sponge, nitrogen-doped loofah sponge carbon (N-LSC) has been 

synthesized via a simple calcination process and then applied as a blocking layer for Li-Se 

batteries[88]. Rice husks can also be used as the carbon source for 3D porous SiOC with the help of 

a supercritical CO2 (SC-CO2) technique[89]. In addition, there are many other sources that come 

from animals, such as silk cocoons[90], animal bone[82] can be used as precursors of porous carbon 

materials. And even the abandoned paper cup was found to be worked well as Se loading carbon 

material[91]. There are millions of natural resources from animals, plants, algae, etc., which could 

be potentially used as the precursors of carbon supports for selenium in lithium batteries, which 

provides a promising avenue for the future development of batteries. 

 

Fig. 10 The source of biological carbon. 
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2.2.2 Polar sites host materials 

Porous carbon host materials could suppress the dissolution of polyselenide intermediates by 

physical adsorption. However, the weak interaction between the non-polar carbon material and the 

polar polyselenide is unfavorable for the binding and capture of the soluble PSe. In addition to 

changing the porosity of the carbon materials, improving the polarity of the host materials is 

another effective solution to address the problem of shuttle effect[92]. 

O, N, and S elements have a higher electronegativity than that of C, and thus have a better 

lithophilicity. These heteroatoms in carbon host materials will have a strong interaction with PSe, 

known as “chemisorption”. Moreover, the introduction of such heteroatom dopants (B, O, N, et al.) 

in carbon materials improve the conductivity and stiffness of the material, generate surface 

polarization by changing the surface environment of the material. These changes enhance the 

interaction between carbon matrix and polyselenide, providing strong chemisorption while 

promoting electron and ion transfer, thereby inhibiting the shuttle effect and extending the cycle 

lifespan. Besides, the polar nanostructures such as oxide, nitride, and sulfide can be directly used 

as Se host materials or as polar sites introduced to carbon host frameworks. Thus, the polar sites 

can be realized by heteroatom doping or by incorporating polar nanostructures rich in O, S, N 

elements into the host system. 

2.2.2.1 Heteroatom (B, O, S, N, et al.) doped carbon materials 

B, O, and N atoms are commonly used in doping treatment of carbon materials because of 

their similar atomic size to carbon atoms and higher electronegativity. Carbonization N, P, or O-

rich precursor to form heteroatom doped carbon is one of the most simple and common methods. 

Jia et al. synthesized chitosan derived porous carbon framework (CPC) for Li-Se battery[93]. The 

SEM images of the obtained porous CPC are shown in Fig. 11a and b. The EDX mapping in Fig. 

11c indicates that the heteroatoms O and N successfully doped in the C/Se composite. The Se-

50.2/CPC composite cathode delivered a reversible capacity of 673.1 mA h g-1 in the 2nd cycle and 

maintained at a high value of 633.9 mA h g-1 after 100 cycles at 0.1 C, showing a good cycling 

performance. Zhao et al. synthesized a heteroatom (N and O) double-doped hierarchical porous 

carbon (HDHPC) utilizing polydopamine as precursor[94]. Pyrrolic-N and ketonic-O codoped 

carbon possessed a strong binding to Li2Se with binging energy of -3.04 eV (Fig. 11d), which is 

much higher than that of pure carbon (-0.96 eV). The result indicates that heteroatom doping (N, 



Chapter Ⅰ 

25 

 

O) can effectively enhance the interaction between selenium/PSe guests and carbon host. Thus, the 

composite delivered a good electrochemical performance with a stable reversible capacity of 545 

mA h g-1 at 0.5 C after 1500 cycles (Fig. 11e). Many other heteroatom doped carbons were 

synthesized from different raw precursors, such as polypyrrole[95, 96], polyaniline[97], amino acid-

rich gelatin[98], cyanuric chloride[99], melamine[100, 101], pyrrole[102, 103], nitrogen-containing flame 

retardant MELANIC MC (MCA)[104] and polyacrylonitrile[105], etc. 

Metal-organic frameworks (MOFs) are another type of precursor material to produce 

heteroatom-doped carbon[106, 107]. MOFs, a class of porous material assembled by metal ions and 

organic connectors, have a vast variety in structure and diversity in chemical compositions[108]. In 

MOFs structure, the metal sites can be ions of transition metals, alkaline earth metals, or  

 

Fig. 11 (a, b) SEM images of framework CPC and composite Se-50.2/CPC, and an inset in each panel is the 

relatively low-resolution picture. (c) corresponding C, O, N and Se elemental mapping images of Se-

50.2/CPC composite[93], (d) Schematic adsorption configuration of Li2Se on prinstine carbon framework, 

carbon only with pyrrolic-N, carbon only with kenotic-O, and pyrrolic-N and kenotic-O codoped carbon, 

respectively. (e) Cycling performance of Se50/HDHPC at a current density of 0.5 C[94], (f) Schematic 

illustration of the synthetic process for C-Co-N/Se[109], (g) Formation Mechanism of Se-Nanoparticle-Filled 

Hierarchically Porous NPC/CGB Composite and cycle performances of NPC/CGB-Se[110]. 
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lanthanides, while the organic linkers are typically multidentate molecules with N- or O- donor 

atoms, such as pyridyl, polyamines, carboxylates, etc.[111] Therefore, the MOF itself contains 

heteroatoms such as oxygen and nitrogen. In the past decade, MOFs have been regarded as 

promising carbon precursors due to their easy fabrication of different MOFs networks with various 

pore sizes, shapes, volumes and chemistries by properly selecting different combinations of metal 

ions and organic ligands.[112, 113] So far, more than 20,000 MOFs with diverse compositions, crystal 

structures, and morphologies have been reported.[114, 115] N-doped graphitic C-Co scaffold (C-Co-

N) derived from ZIF-67 was synthesized by He’s group and used for the impregnation of Se and 

SeS2
[109, 116]. The schematic illustration of the synthetic process for C-Co-N/Se is shown in Fig. 11f, 

the pores constructed in the ZIF-67 and heteroatom distribution can be observed. Moreover, the N-

doped porous carbon derived from MOF-Al[117] and MOF-Ni[118] were fabricated by Li et al. and 

Liu et al., respectively. These N-doped porous carbons exhibit excellent cycling stability, superior 

rate capability and high Coulombic efficiency. Song et al. designed nitrogen-doped core-shell 

hierarchical porous carbon derived from ZIF-8 and ZIF-67[119]. Liu et al. synthesized irregular 

bubbles-rich porous carbon microcubes (CMCs) derived from Zn/Ni-MOF2 microcubes[120]. 

Besides the advantage of N-doping adsorption, the core-shell and the structure rich in bubbles also 

greatly increase selenium loading and buffers volume expansion. These corresponding Se/C 

composites exhibited an ultrahigh initial discharge specific capacity and cyclic stability. To 

increase the electron conductivity of the host, Park et al. introduced MOF in graphene[110] and 

porous carbon nanofibers[121]. As shown in Fig. 11g, the rich pore structure from MOF provides 

enough space for selenium loading, and high conductivity of graphene is favorable for ion/electron 

transport, and most importantly the nitrogen doping enhances chemical adsorption and thereby 

prevents the diffusion of PSe. Thus, the N-doped carbon polyhedrons anchored on crumpled 

graphene balls (NPC/CGB)-Se composite achieved superior high specific capacity of 998 and 462 

mA h g-1 at the 1st and 1000th cycles and excellent rate capability of 409 mA h g-1 at an extremely 

high rate of 15 C. 

2.2.2.2 Introducing polar nanostructures 

Metal oxide, metal nitrides, and metal selenides are beneficial to inhibit the shuttle effect 

owing to the presence of O, N, S elements forming chemisorption bonds with soluble PSe[122-124]. 

Moreover, these polar particles can be used as efficient catalysts to facilitate the polysulfide redox 
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reactions and transform soluble lithium polysulfide Li2Sen (8≥n≥4) to Li2Se2 and Li2Se, thereby 

significantly improving battery performance. 

Metal oxides have strong affinity toward the highly polarized PSe for their polarized structure. 

Wu et al. synthesized hollow spherical α-MoO3 used for both electrocatalyst and adsorbent of PSe 

in Li-Se batteries[125]. From the Li2Se6 solution adsorption experiment in Fig. 12a, the solution with 

α-MoO3 changed to colorless after the adsorption, suggesting that the α-MoO3 has the most strong 

interaction with PSe. The catalyst and strong adsorption function lead to the lower overpotential 

for the reaction, as shown in Fig. 12b. Zhang et al. confined Se within TiO2 to reduce the 

dissolution of PSe by the hydrophilic Ti-O bonds[36]. The TiO2–Se composite cathode exhibited a 

higher initial discharge capacity of 481 mA h g-1 than that of the pure selenium cathode with 

capacity of 343 mA g-1, displaying a higher utilization of active materials. Ye et al. coated 5 nm 

MnO2 nanoparticles on the surface of ZIF-67@Se to form a MOF@Se@MnO2 structure 

composite[126]. The obtained MOF@Se@MnO2 sandwich structure provided more active sites for 

tethering the selenium so that the shuttle effect and the dissolution of PSe in the electrolyte are 

reduced, thereby showing an excellent electrochemical performance in Li-Se battery. Jayan et al. 

used MXenes as an effective PSe immobilizer for Li-Se Battery[127]. In Fig. 12c, compared with 

graphene, the electron transfer from the PSe to all the Ti3C2X2 (X=S, O, F, and Cl) increases, 

leading to the stronger chemical interactions between polyselenides and Ti3C2O2. In Fig. 12d, the 

calculated Li2Sen adsorption strength provided by S and O terminated Ti3C2 is stronger than the 

commonly used ether based electrolyte (DME and DOL), indicating the effective suppression of 

the Li2Sen shuttling. For different MXenes, the adsorption energy in Ti3C2S2 and Ti3C2O2 are higher 

than other MXenes and graphene, which demonstrates stronger chemical interactions of Li2Sen 

with S and O terminated surfaces. 

Metal selenides are also used in the Se cathode to reduce the shuttle effect. The strong 

interfacial interaction between metal selenide and adsorbate enables the adsorbate to be effectively 

anchored on the surface of the metal selenide. Wang et al. analyzed the adsorption strength 

influence on the catalyst working process in Li-S battery[128]. By adding CoSe2, the bond length of 

S-S in Li2S4 and S-Li in Li2Se becomes longer due to the strong adsorption between the substrate 

and polysulfide, as is shown in Fig 12e, indicating that the anion N doping in CoSe2 composites 

(N-CoSe2) could more effectively weaken the S−S bridged bond. In this case, as shown in Fig. 12f, 

Li2S4 is easily broken to Li2S- and finally gradually converted to shorter PSe, which is beneficial 
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for the discharge reaction. While for Li2S, the weakened Li-S bond also has a lower barrier to form 

LiS- and Li-, the Li2S is thus easily charged back to sulfur. Yang et al. applied the CoSe2-porous 

carbon (CoSe2-PC) to Li-Se battery and explored its function on PSe[129]. The CoSe2 served as an 

effective electro-catalyst and dynamically facilitated the redox reaction kinetics of polyselenide 

and suppressed the dissolution of Li2Sen intermediates into the electrolyte, thus mitigating the 

shuttle effect. Se@CoSe2-PC achieved a high reversible capacity of 408 mA h·g-1 at the current 

rate of 1 C after 100 charge-discharge cycles. Sun et al. coated Ag2Se on the surface of Se/nitrogen-

doped mesoporous carbon (NMC) composite by in-situ reaction to achieve Ag2Se@Se/NMC 

cathode material[101]. The highly conductive Ag2Se coating within which the selenium is 

completely encapsulated, leads to the faster electron transport to the interconnected carbon 

framework, achieving greatly improved cycle stability and rate performance of the battery. Xiao et 

al. synthesized a series of two-dimensional selenides (TiSe2, VSe, VSe2, CrSe, FeSe, CoSe, NbSe2, 

MoSe2, InSe, SnSe, SnSe2, and WSe2) and analyze their anchoring function and redox reaction 

kinetics for LiPSs/S8
[130]. As shown in Fig. 12g, compared with isolated LiPSs/S8, the free energy 

plots of conversion reactions of LiPSs/S8 activated by 2D selenides become lower, which reflects 

the decreased reaction barrier, proving their catalytic effect on reaction conversion. Among these 

2D selenides, CoSe and SnSe achieved the best performance. Strong adsorption of polar particles 

to PSe is helpful for the suppression of the shuttle effect and can catalyze the reaction conversion. 

However, it does not mean that the stronger the adsorption is, the higher electrochemical 

performance will be. Cui et al. proved that the moderate interaction between polar particles and 

PSe should be considered in cathode materials, as shown in Fig. 12h[131]. Both chemical and 

physical interaction make a strong synergistic contribution to anchoring polysulfides, extremely 

alleviating shuttle effect and reducing capacity decay rate. The strong interaction between 

anchoring materials and lithium weakens the Li−S bond and even induces the thorough separation 

between sulfur and lithium atoms, promoting the dissolution of sulfur molecules in electrolytes. 

While, for highly metallic anchoring materials, the strong bond formed between substrate and 

polysulfide can break the S−S bond of Li2Sn molecules and cause sulfur to lose its electrochemical 

activity. Tao et al. fabricated various nonconductive metal-oxide nanoparticle (MgO, Al2O3, CeO2, 

La2O3, and CaO) anchored on porous carbon nanoflakes[132]. As shown in Fig. 12i and j, MgO has 

the medium adsorption strength to Li2S8, which achieved the best performance in Li-S battery. 
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Although the rule is obtained from the Li-S battery, due to the very similar properties of Se to S, it 

will give guidance for the Li-Se battery. 

 

Fig 12 (a) Adsorption experiment after standing for 1 h, (b) Initial charge/discharge curve of Se/α-MoO3 

and pristine Se electrodes at 0.1 C[125], (c) Side views of charge density difference of Li2Se on Ti3C2O2 and 

graphene (The green and red colors denote charge accumulation and depletion, respectively), (d) Adsorption 

energies of Se8 and Li2Sen on graphene and Ti3C2X2 (X = S, O, F, and Cl) and the binding energies of PSe 

with electrolyte solvent molecules of DME and DOL[127], (e) The detailed bond lengths of S–S of Li2S4 and 

Li–S of Li2S on the surface of CoSe2 and N-CoSe2, (f) Bond lengths effect on the electrochemical 

reaction[128], (g) Free energy plots of conversion reactions of isolated LiPSs/S8 and LiPSs/S8 activated by 

2D selenides[130], (h) of polysulfides anchored on anchoring materials (AMs) on different interaction 

strength[131], (i) Experimental and simulated adsorption amount of Li2S8 on different metal oxides. (j) 

Specific capacity and the corresponding Coulombic efficiency of the composite electrodes upon prolonged 

300 charge/discharge cycles at 0.5 C[132]. 
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The introduction of functional inorganic additives in the cathode contributes to effectively 

improve the battery performance. However, the weight density of the inorganic materials should 

be optimized, otherwise the energy density of the battery could decrease. Moreover, some inorganic 

material is semiconductor, which limits the transfer of the electron, thereby reducing the utilization 

of active Se. Most importantly, not all the polar particles will accelerate the reaction, only an 

appropriate adsorption strength can be helpful. How to choose the appropriate particles is still 

challenging. Thus, introducing an appropriate amount of inorganic additives and preparation of 

small size inorganic nanomaterial with optimized adsorption strength is necessary to get high 

electrochemical performance in Li-Se battery. 

2.3 SeS cathode  

Li-S batteries have a high theoretical energy density (∼2,600 Wh kg-1) and low cost, but S 

exhibits low conductivity. In contrast, the specific capacity of Li-Se battery is lower than that of a 

Li-S battery (675 mA h g-1), also the cost of Se is relatively higher, but its conductivity is 20 order 

magnitude higher than S. Thus, introducing a certain amount of S into the Se cathode is an effective 

method to improve the capacity of the Li-Se battery[133]. Therefore, much research work on lithium-

selenium/sulfur batteries has sprung up. Moreover, the working voltage of the SeS cathode can 

arrive at a high voltage of 4.5 V, which is beneficial for the achievement of high energy density of 

the battery. However, the shuttle effect problem in Li-S and Li-Se batteries also existed in Li-SeS 

batteries. The method of suppressing the shuttle effect for Li-Se battery is also applied to Li-SeS 

battery. 

2.3.1 Selenium-sulfur solid solutions (SexSy) 

Selenium-sulfur solid solution (SexSy) is the most commonly used active material form for 

SeS cathodes. The application of SexSy solid solution as a cathode material for batteries could date 

back to 2012. Amine’s group revealed the potential of SeS2 as a cathode material for Li and Na 

rechargeable batteries for the first time[134]. SexSy materials perform higher theoretical capacities 

than pure Se and have improved conductivity compared to pure S. Since then, there has appeared 

a boom in the study of sulfur-selenium solid solutions for lithium batteries. For example, Zhang et 

al. fabricated selenium-sulfide solid solutions and embedded it in a mesoporous carbon aerogel 

(MCA) to obtain a SeS2@MCA composite[135]. As shown in Fig. 13a and b, the discharge process 

of SeS2@MCA included four steps. The first and third steps were attributed to the conversion of 
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high-order polysulfides to low-order polysulfides and then to Li2S2 and Li2S. The second and fourth 

steps were assigned to the transformation of Se to Li2Se with the intermediate PSe. Benefiting from 

the high electron conductivity of Se and high capacity of S, the 3D interconnected porous carbon 

aerogels with SeS exhibited an initial discharge capacity of 1150 mA h g-1 at the current density of 

50 mA g-1. Wei et al. infiltrated S and Se powder with various mass ratios into the main body of 

mesoporous carbon microsphere (MCMs) by melt-diffusion method and successfully prepared a 

series of SexSy/MCM composites[136]. As shown in Fig. 13c, the obtained Se2S5/MCM composites 

showed unique electrochemical behavior, with five reduction peaks observed. The additional 

reduction peak at 2.24 V indicates the formation of new intermediate phases. The new 

intermediates could probably be polysulfoselenide species (Li2SexSy, 4≤x+y≤8). The result 

indicated that the Li-SexSy battery is more than a simple hybrid of Li-S and Li-Se batteries in ether-

based electrolytes. 

SeS cathode could achieve a high initial capacity, however, the problem of capacity fading 

existed. Xu et al. found that their synthesized Se2S5/MPC cathode exhibited a high initial charge 

capacity of 1661.2 mA h g-1 at 0.1 C[137]. However, the capacity undergoes a rapid fading and then 

maintained at 345.5 mA h g-1 after 50 cycles. The same phenomenon was observed by Cui et al.[138]. 

The Li/SeS2 cell had a high discharge capacity of more than 1300 mA h g-1, and it soon dropped to 

571 mA h g-1 in 50 cycles. Xu et al. attributed the capacity fading to the aggregation of long-strand 

PSe in the battery[137]. As shown in Fig. 13d and e, the inflection point observed in the contour plot 

of the XANES data in Fig 13d coincides well with the critical point in the fully discharged state. 

While the 2D contour plot for the second cycle in Fig. 13e is significantly different from that of 

the first cycle, reflecting the reduction of Se component and formation of Li2Se are not completed. 

Even at the end of the second discharge, the Se K-edge for Se and Li2Se can be both observed. 

Moreover, the Se K-edge has little shift in the second cycle, further confirming that the 

lithiation/delithiation reversibility of Se component was decreased. That is because the weaker 

binding energy of short-chain PSe with carbon surface than that of long-chain PSe suppressed the 

transformation of long-chain PSe to short-chain PSe. In this case, long-chain PSe will aggregate, 

which will lead to PSe shuttle and corrosion of lithium anode as well as increase the internal 

resistance, and further to the poor Coulombic efficiency and gradual capacity fading. 
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In order to better understand the physical properties of Se-S compounds and provide a 

theoretical basis for the development of a minimal shuttle effect in Se-S cathodes, a series of Se-S 

compounds with different designed mass ratios were synthesized and confined in N-doped 

mesoporous carbons host by Sun et al.[139]. Compared with homoatomic sulfur or selenium 

molecules, the heteroatomic selenium sulfide molecules exhibit higher polarizability due to the 

heteropolar Se–S bond, which is expected to have a stronger interaction with the carbon substrates. 

The binding energy of the carbons with Se–S-containing species was obtained by first-principle 

calculations based on density functional theory (DFT). As shown in Fig. 13f, the interaction of 

heteroatomic Se–S species with the N-doped sites was stronger than that of homoatomic S–S 

species. Among the best series of carbon-based sulfur/selenium cathode materials, the Se2S6/NMC 

sample exhibited the best electrochemical performance with the highest reversible capacity of 883 

mA h g-1 after 100 cycles and the highest Coulombic efficiency of 96%. The electrolyte has great 

influence on the reaction process. In the hydrofluoroether (HFE)-based electrolyte, the formed 

robust SEI layer can desolvate Li+ and prevent the attack of solvent molecules toward Se-S, and 

thus lead to the solid–solid lithiation process[140]. The dissolution of polysulfides/polyselenides can 

be inhibited by tailoring the (de)lithiation chemistry of space-confined Se-S cathodes. By rational 

design for the atomic ratio of S and Se, S22.2Se/Ketjenblack cathodes achieved the highest 

reversible capacity with minimal shuttle effects during long-term and high rate cycling in HFE-

based electrolyte. 

By adjusting the ratio of the Se and S, the SeS could achieve good performance by suppressing 

the shuttle effect. However, the shuttle effect still exists in the Li-SeS batteries. The shuttle effect 

reduction method in the Li-Se battery is applied in Li-SeS battery. As mentioned above, the 

heteroatom-doped carbon material can reduce the dissolution of the PSe by chemical adsorption of 

heteroatoms. Therefore, encapsulating the selenium-sulfur solid solution into the heteroatom-

doped carbon skeleton can further improve the performance of the lithium battery and researchers 

have made many efforts in this domain. For example, Hu et al. confined SeS2 to 3D sulfur-doped 

mesoporous carbon (ISMC) and prepared a SeS2@ISMC composite[141]. Benefiting from the 

synergy between sulfur doping and 3D network architecture, the SeS2@ISMC cathode exhibited 

an initial discharge capacity of 858 mA h g-1 while quickly decayed to 486 mA h g-1 after200 cycles. 

In addition, a series of heteroatoms doped carbon materials were synthesized as SeS host materials, 

such as boron- and nitrogen-codoped vertically aligned hollow carbon nanotubes (VACNTs)[142], 
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Fig 13 (a) CV curve of the SeS2@MCA (mesoporous carbon aerogel) composite cathode at 0.2 mV s-1.(b) 

Scheme of the heating-melt process and the possibility of discharge reaction model of the SeS2@MCA 

composite cathode[135], (c) CV curves of Se4S5/MCM at 0.1 mV s-1[136], 2D contour plot of in situ XANES 

data of Se2S5/MPC cathode at 0.2 C for the first cycle (d) and second cycle (e), respectively[137], (f) Results 

of first-principle calculations showing the most stable configurations and calculated binding energies of S–

S and Se–S species with the carbon layer doped with pyridinic N[139]. 

cobalt- and nitrogen-doped porous carbon (Co-N-C) polyhedrons derived from MOF-67[143], and 

carbonized polyacrylonitrile (CPAN)[144]. These composites have been successfully employed as 

cathode materials in lithium metal batteries, exhibiting long cycling lifetime, good rate capability 

and high energy density. Besides heteroatoms doping, introduction of polar particles into the 
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cathode host is also an effective method. For example, Zhang et al. decorate multi-channel carbon 

fibers with CoS2 to enhance the adsorption capacity of SeS2
[145]. The carbon fibers network 

decorated with CoS2 nanoparticles provided efficient sulfiphilic sites for restricting the dissolution 

of polysulfides and PSe during the cycle processes, thereby successfully suppressing the shuttle 

effect and maintaining excellent cycling stability after 400 cycles at 0.5 A g-1. Guo et al. 

synthesized double-walled N-doped carbon@NiCo2S4 hollow capsules for SeS2 host[146]. The 

presence of Ni, Co and N suppressed the shuttle effect of polyselenium/sulfide by the combined 

chemical and physical adsorption, and the hollow structure buffered the volume expansion caused 

by Se2Li and S2Li products. Furthermore, by adding polydopamine (PDA) coating layer protection, 

a highly ordered mesoporous carbon (CMK-3) framework confined SeS2 CMK-3/SeS2@PDA 

composite was synthesized[147]. Compared with CMK-3/SeS2, CMK-3/SeS2@PDA exhibited a 

high capacity of more than 1200 mA h g-1 and prolonged life over 500 cycles at 0.2 A g-1. 

The SeS cathode could improve the specific capacity of the battery by combing the advantages 

of high conductivity of Se and high theoretical capacity of S. However, the problem of shuttle effect 

and volume expansion still exists. The rapid capacity fading of the SeS battery hinders its future 

development. The heteroatoms doping, polar particles introduction and protection layer coating 

could suppress the shuttle effect to some degree. There is still great space to maintain a higher 

capacity. Thus, further efforts are required in this system. 

2.3.2 Hybrid sulfur-selenium co-polymers 

Sulfur-rich polymers have been explored as cathode materials in lithium batteries and have 

shown unique properties such as ease of synthesis, structural tunability, and precise active sites. In 

a pioneering work, Pyun et al. utilized elemental sulfur and 1, 3-diisopropenylbenzene (DIB) as 

co-monomers to synthesize sulfur-rich polymers by the inverse vulcanization method, as shown in 

Fig. 14a[148]. A central motivation of the inverse vulcanization chemistry was to enable 

modification of elemental sulfur into a processable polymeric form that still retained the 

electrochemical activity of elemental sulfur. The cyclic voltammetry (CV) result in Fig. 14b 

confirmed that poly(S-r-DIB) copolymers exhibited very similar electrochemical behavior to that 

of S8. Different from the S cathode, the S in sulfur-polymers is tightly bonded with polymers, the 

shuttle effect thus will disappear. The prepared copolymers showed higher initial specific capacity 
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than elemental sulfur, indicating a promising prospect for the chemical confinement of polysulfides 

within polymer matrix. 

In order to improve the solubility of organo-diselenide in electrolyte and obtain a high capacity 

of the battery, Fu’s group via the addition of phenyl diselenide (PDSe) synthesized PDSe-S and 

PDSe-S2
[149]. The function process of PDSe-S2 in lithium battery is shown in Fig. 14c. Compared 

with the low initial capacity of PDSe (118 mA h g-1), PDSe-S and PDSe-S2 exhibited higher initial 

capacity of 252 and 330 mA h g-1, respectively. Later, phenyl selenosulfide (PhS-SePh) was 

synthesized by an exchange reaction between phenyl disulfide and diselenide[150]. PhS-SePh shows 

 

Fig. 14 (a) Synthetic scheme for the copolymerization of S8 with DIB to form chemically stable sulfur 

copolymers. (b) CV of pure sulfur (solid black line) and poly(S-r-DIB) (10 wt.% DIB, open circles) at a 

scan rate of 20μV s-1[148]. (c) Redox reactions of PDSe-S2 in rechargeable lithium batteries[149]. (d) Synthesis 

route of polymeric selenium sulfides via inverse vulcanization method. (e) The first cycle CV curves at 0.02 

mV s-1 and constant-current cycling performances of pure PSS100-0 and PSS90-10 co-polymers (PSS(100 

– x)–x: The S–SeS2–DIB co-polymers with desired S/SeS2 mass ratios, where x is the weight percentage 

of SeS2 in S/SeS2.)[152]. 
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better kinetics and much better cycling stability than PhS-SPh and PhSe-SePh for its higher entropy 

of the mixture and thus lower Gibbs free energy. Zhou et al. synthesized a selenium-doped organic 

polymer material (PDATtSSe) and obtained an improved volumetric capacity and Coulombic 

efficiency[151]. Compared to pure sulfur electrodes, the doping of Se significantly enhances the 

electronic conductivity of battery electrodes and the formation of long-chain lithium polysulfides 

was completely restricted. 

Introducing Se into the sulfur-rich polymer could enhance electronic conductivity, improve 

Li-ion transport, and suppress the shuttle effect. Thus, the inverse vulcanization method has been 

extended to the synthesis of hybrid organic-inorganic sulfur-selenium co-polymers. Dong et al. 

introduced SeS2 into the polymeric sulfur and obtained sulfur-rich polymeric selenium sulfides (S-

SeS2-DIB, DIB: 1,3-diisopropenylbenzene)[152]. In the structure, divinyl functional groups of DIB 

were chemically cross-linked with S/SeS2 chain radicals through a ring-opening polymerization, 

as is shown in Fig. 14d. The newly formed bonds of C-S, C-Se, and S-Se in S-SeS2-DIB 

copolymers effectively alleviated the shuttle effects of polysulfides/polyselenides, achieving a 

higher stability than pure S–DIB, as shown in Fig. 14e. Moreover, Gomez et al. prepared 

poly(SexS1-x-DIB) composite and the sulfur-selenium co-polymer cathode exhibit enhanced C-rate 

capability and high cycling stability[153]. 

In sulfur-selenium co-polymers, the short sulfur and selenium chains in hybrid sulfur-

selenium co-polymers are chemically capped by organic groups, which makes long polysulfides 

and PSe difficult to form in the following cycling process. In this case, the shuttle effect could be 

greatly decreased. Another obvious benefit of the co-polymers is their low quantity requirement 

for the liquid electrolyte. However, due to the limitation of the linked active materials, the energy 

density of the batteries cannot reach high value, although they indeed achieve a high specific 

capacity, enhanced cycling stability and Coulombic efficiency. 

2.4 Li2Se cathode 

Se cathode has the problems of shuttle effect and huge volume expansion. Some researchers 

look for its substitution such as Li2Se used as active material in Li-Se battery. Li2Se undergoes 40% 

volume shrinkage rather than 80% volume expansion of Se. This makes the cathode keep more 

stable. The most attractive is that using prelithiated Li2Se as active material, the lithium anode can 
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be replaced with a non-lithium anode. Thus, the active Li2Se worked as active material was carried 

out although the related works are limited. To deal with the problems of low conductivity of Li2Se 

and shuttle effect, the Li2Se active material is confined inside the porous carbon host. For example, 

Wu et al. synthetized Li2Se nanoparticles by a simple and fast route, as shown in Fig. 15a[154]. The 

capacity of pure Li2Se nanoparticles exhibited a rapid drop, arriving at less than 100 mA h g-1 in 

100 cycles (Fig. 15b). This is due to the fact that they attributed the capacity fading to the 

production of dendrites, as shown in Fig. 15cⅡ. By coating with a carbon shell protection layer, 

the obtained nanostructured carbon (C)-Li2Se with additional carbon shell (C-Li2Se@C) composite 

achieved stable cycle capacity and less lithium dendrites grown (Fig. 15cⅣ). Lu et al. synthesized 

Li2Se cathode composed of alternating active layers and barrier layers (Fig. 15d), the Li2Se cathode  

 

Fig. 15 (a) Schematic diagram and properties of pure Li2Se nanoparticles, C-Li2Se composite and C-

Li2Se@C nanocomposites, (b) Retention of specific capacity and coulombic efficiency during 100 

galvanostatic cycles at 0.5 C, (c) SEM micrographs of fresh Li anode, pure Li2Se nanoparticle cathode, C-

Li2Se composite particle cathode and C-Li2S@C shell-protected cathode after 140 cycles[154], (d) Schematic 

diagram of the synthesis process of Li2Se particles and Li2Se cathodes[155], (e) UV-vis spectra of Li2Se6 

solution with LiTiO2 before/after adsorption test[156]. 
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exhibited a high capacity of 698 mA h g-1 at 50 mA g-1 by the barrier layers adsorption for the 

PSe[155]. As Se cathode, introducing polar particles to enhance the adsorption for the PSe is also an 

effective method to decrease the shuttle effect. Xia et al. fabricated pre-lithiated Li2Se-LiTiO2 

composite cathode materials by a facile solid-phase synthesis method in Li-Se battery[156]. As is 

shown in Fig. 15e, the color of Li2Se6 solution changed from dark brown to light brown with added 

LiTiO2, reflecting its superior PSe trapping ability, which is favorable to achieve stable 

electrochemical performance of Li-Se batteries. 

However, the problems of the shuttle effect still exist in Li2Se cathode battery. The capacity 

fading happened in the charge/discharge process due to the production of the Li dendrites. 

Moreover, Li2Se has the new problems of difficult production and high price. There is a long way 

to go to solve these problems. 

2.5 Freestanding electrodes 

Most common cathodes currently used in Li-Se battery consist of active material, binder, 

super carbon and metal current collector. In particular, the metal current collector accounts for 75 

wt.%, it does not make any other contribution to improving the capacity of the battery apart from 

working as a carrier. Freestanding electrode could easily form a cathode membrane without 

assistant of additional conductive additives, polymer binders and metal current collectors, which 

greatly increases the amount of the active Se and thereby achieves high energy density. Therefore, 

using freestanding carbon host cathode becomes a good choice in Li-Se battery. Furthermore, the 

battery with a free-standing electrode demonstrates a relatively small interface impedance, which 

is beneficial for the rapid transportation of lithium ions. Above all, batteries with excellent cycle 

stability and ultra-high rate performance can be produced by introducing freestanding electrodes. 

Flexibility provides mechanical stability of the film, which is the characteristic of the free-

standing cathode materials. Moreover, in order to suppress the shuttle effect of PSe, porosities of 

the host material should be preserved. One-dimensional porous carbon nanofiber/nanobelts 

combining the flexibility and porous structure characteristics are good approach. For example, 

Zeng et al. prepared a kind of porous carbon nanofibers (PCNFs) as the skeleton for the self-

supporting electrode by electrospinning the precursor solution of polyacrylonitrile (PAN) and 

triblock copolymer Pluronic F127, as shown in Fig. 16a[157]. The flexible porous carbon nanofibers 

freestanding Se@PCNFs cathode exhibited excellent cycle stability, retained a reversible capacity 
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of 516 mA h g-1 in the 900th cycle at the current of 0.5 A g-1, even at 4 A g-1 a high capacity of 306 

mA h g-1 was achieved. Cai et al. confined Se in hollow-core nitrogen-doped carbon (CNx) 

nanobelts as a freestanding cathode material in Li-Se battery[158]. This novel freestanding electrode 

could accommodate large volume expansion of Li2Se and promote electron and ion transfer, while 

providing physical adsorption for PSe, thereby generating high specific capacity, good rate 

capability and cyclic stability. 

Besides the flexibility, graphene has rapid electrons and ions transportability, thus it is 

commonly used in the freestanding cathode. For example, Han et al. by embedding selenium 

impregnated mesoporous carbon nanoparticles (Se/MCN) in reduced graphene oxide (GRO) sheets 

synthesized Se/MCN-RGO binder-free cathode material [159]. The layer structure free-standing 

Se/MCN-RGO is shown in Fig. 16b. The Se/MCN-RGO freestanding cathode with 62 wt.% 

selenium loading exhibited a high initial discharge capacity close to the theoretical value (655 mA 

h g-1) at 0.1 C and an ultra-long cycling stability, which accounted for 61% of the initial value after 

1300 cycles at 1 C. Moreover, He et al. combined the advantages of CNT and graphene together 

and synthesized three-dimensional graphene-CNT@Se (3DG-CNT@Se) aerogel[160]. The 3D 

mesoporous conductive network provides channels for highly efficient electron transfer and ionic 

diffusion, the hierarchical structure prevents fast dissolution of PSe and suppresses volume 

expansion of Se in charge/discharge process. In Fig. 16c, compared with regular Li2Se–graphene 

interaction, the Li2Se molecule that placed between two graphene sheets has a shorter distance with 

graphene as well as a larger interaction electron density, indicating the strong adsorption to PSe in 

shuttle effect suppression. Han et al. synthesized a flexible self-standing graphene-Se@CNT 

composite film[162]. It exhibited much higher reversible capacity and cycling stability (315 mA h g-

1 after 100 cycles at 0.1 C) than graphene–Se composite film. The good performance was mainly 

attributed to the synergistic effects of graphene and CNT. Furthermore, a ultrahigh Se loading 

(13.5 mg cm-2) freestanding layer-structure (composed of alternant barrier layers and active layers) 

cathodes was synthesized by Xia et al[161]. The Se loading can be reached at 4.5 mg cm-2. The 

barrier layers play roles in confining polyselenide and reducing cell polarization. The suppression 

function can be proven by the slight color of the cycled freestanding layer-structure Se cathode 

(FLSC) cathode, as shown in Fig. 16d. 
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Fig.16 (a) Schematic illustration of the synthesis process of the Se@PCNFs electrode and Photograph of 

free-standing and flexible Se@PCNFs electrode[157], (b) Scheme of the synthesis route of Se/MCN-RGO 

paper, photo of the free-standing Se/MCN-RGO paper electrode and Cross-sectional FESEM and TEM 

images of Se/MCN-RGO[159], (c) Predicted optimized configuration of Li2Se intercalated into normal Se–

graphene interaction (left) and two graphene interlayers (right) and corresponding electron density map[160], 

(d) Digital images of different Se cathodes before/after 30 cycles[161]. 

Above all, 3D freestanding structures exhibit many advantages in enhancing the performance 

of Li-Se battery. The 3D interconnected structure facilitates the transmission of electrons, 

meanwhile, makes a great contribution to reducing the mass of the battery. Moreover, the highly 

efficient preparation method greatly simplifies the synthesis of the electrode. Therefore, 

freestanding cathodes have great potential application in Li-Se battery. However, due to the flexible 

property requirement of the freestanding cathode materials (one-dimensional or graphene), the 

application of the freestanding cathode is limited. More material exploration should be done in the 

future. 

For Se cathode, lots of efforts have been made to improve the properties of the Li-Se battery. 

As a result, numerous C/Se composite cathodes exhibiting significant electrochemical 
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performances were fabricated. All the efforts focus on the following areas: 1) suitable pore sizes 

(hierarchical porous carbon) and particular structure (3 D interconnected structure) to encapsulate 

a large amount of Se, suppress the dissolution of PSe and generate high energy density; 2) 

introducing polar sites to increase the adsorption capacity of Se to further improve the 

electrochemical performance of Li-Se batteries. It is worth mentioning that biological carbon used 

as a precursor, not only showed remarkable electrochemical performance but also greatly reduced 

the price of the whole battery. Moreover, the SeS cathode, Li2Se cathode and freestanding cathode 

are efficient directions to solve the shuttle effect of the Li-Se battery. 

3 Electrolyte 

Electrolyte, an extremely important part of the battery, has a great influence on the utilization 

of selenium, the dissolution of PSe and the growth of dendrites. The function of the electrolyte is 

to facilitate the transfer of ions between anode and cathode. Thus, the characteristics of higher ionic 

conductivity, lower electronic conductivity, wider electrochemical window and high stability are 

desired. The organic liquid electrolytes that meet all requirements are commonly used in lithium 

batteries. However, the intermediate PSe produced by the electrochemical reaction have high 

solubility in the liquid organic electrolyte, leading to the loss of Se and finally reducing the cycle 

stability of the battery. Thus, the solubility of PSe has a major effect to the reaction process and 

performance of the Li-Se battery. In order to solve the problem efficiently, studying the 

compatibility between electrolytes and electrodes, and their effects on electrochemical 

performance are extremely important. Research has proven that electrolytes have important effects 

on improving the performance of Li-O2 and Li-S batteries[163, 164]. Since selenium is an element of 

the same main group with O and S, modifying the electrolyte in Li-Se battery should significantly 

improve electrochemical performance. Researchers made a lot of efforts on electrolytes to solve 

the above problems both decreasing the dissolution of PSe and forming a solid SEI layer on the 

surface of cathode are effective methods to suppress the shuttle effect and improve selenium 

utilization. At the same time, the flammable organic solvent in the liquid electrolyte poses safety 

hazards. In order to solve this problem, researchers proposed the concept of solid electrolytes and 

solid-liquid hybrid electrolytes. 

3.1 Liquid electrolyte 
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The theoretical voltage window between selenium and lithium is about 3 V (vs. Li/Li+). All 

protic solvents release hydrogen gas at 2.2 V, which makes them unsuitable as electrolyte solvents 

for the Li/Se system. Thus, the liquid electrolytes used in lithium batteries are organic-based. The 

liquid organic electrolyte commonly consists of a lithium salt and an organic solvent, which works 

as a carrier for ion transport in the lithium battery. The liquid organic solvents should have the 

characteristics of effective electrolyte solvents, notably, high ionic conductivity, low electrical 

conductivity, high transference number, high and low temperature stability, high dielectric 

permittivity, low viscosity, inertness to all other cell components (e.g., the separator, electrode, 

spacer, etc.), low flammability, low toxicity, and low cost. Organic carbonates and ethers, which 

meet almost all the criteria, are widely used in lithium batteries. Electrolyte solvation chemistry of 

Li–Se batteries dictates the solubility and speciation of LiPSes, and determines electrochemical 

properties of the cell, such as voltage profile, Li2Se precipitation and redox kinetics. The LiPSe 

stability is critically linked with applied solvents, which consequently influences of chemical 

equilibrium among diverse chain-length polysulfide dianions and radicals. Therefore, the main two 

kinds of electrolytes, carbonate-based and ether-based, undergo different lithiation/delithiation 

mechanisms[17]. 

Carbonate-based electrolyte 

Mixtures of cyclic carbonates (ethylene carbonate (EC) and propylene carbonate) with high 

viscosity and linear carbonates (dimethyl carbonate (DMC) and diethyl carbonate (DEC)) with low 

viscosity, feature the optimum properties of an effective electrolyte solvent and have been used in 

Li-ion batteries for two decades. It was expected that these electrolytes could also be used in the 

Li/Se system. Carbonate solvents cannot dissolve PSe due to their large dielectric constant. In 

carbonate-based electrolyte, Se undergoes a one-step electrochemical reaction and is directly 

converted to Li2Se without an intermediate phase due to the insolubility of PSe in the carbonated 

solvent[165]. The PSe in carbonate-based electrolytes undergo a solid-solid phase transformation, 

which could avoid the problem shuttle effect caused by the dissolution of the PSe. However, as 

shown in Fig. 17a, due to the large dipole moment of carbonate electrolyte, the nucleophilic 

polysulfides intermediates in the multiple reduction steps attack the single-bonded carbon atoms 

attached to the oxygen atoms of the linear DEC and cyclic EC molecules and have a irreversibly 

react with carbonates-based electrolyte to form a sulfide carbonate complex. In addition, since the 

selenium anion is more nucleophilic than the sulfur anion, the uniformly dispersed selenium 



Chapter Ⅰ 

43 

 

exhibits higher reactivity with the carbonyl group in the carbonate-based electrolyte[134]. Thus, the 

reaction between carbonate-based electrolyte and PSe in Li-Se battery resulted in loss of capacity 

and low Coulomb efficiency in the first cycle[166]. 

To avoid the inverse reaction between polysulfides and carbonate-based electrolyte, 

metastable small molecule sulfur (S2~4, an allotrope of sulfur) was used by Xin et al.to composite 

with conductive microporous carbon[167]. Since small molecule sulfur is used as electrode active 

material, it can prevent the transformation of S8 to long-chain polymorphism in lithium-sulfur 

batteries. In this case, the problem of lithium polysulfide dissolution and its reaction with carbonate 

solvents is completely solved. However, in the process of lithium sulfide conversion, only a 

discharge platform of about 1.9 V appears, the capacity of the high-voltage platform is lost. This 

finding also applies to lithium-selenium batteries[168]. Thus, in order to inverse reaction between 

PSe and carbonate-based electrolyte, the active Se should be uniformly dispersed and confined in 

the micro/meso pores of host materials to ensure that it is in the state of a small molecule. 

Appropriate isolation of electrolyte and PSe is an effective way to avoid continuous 

consumption of PSe during the discharge/charge process. The SEI layer can be used as a positive 

factor to protect the cathode. Forming a thin uniform solid electrolyte layer (SEI) on the surface of 

the cathode is an effective method to protect Se from reduction. The protective layer keeps lithium 

ions permeable while preventing the transport of polyselenide, thereby significantly enhancing the 

cycle stability of the Li-Se battery. Zhou et al. added 10% battery-grade fluoroethylene carbonate 

(FEC) into carbonate-based electrolyte (ethylene carbonate (EC) and dimethyl carbonate (DMC)) 

containing difluoro(oxalato)borate (LiDFOB), the obtained LiDFOB/EC-DMC-FEC electrolyte 

performed excellent compatibility in Li-Se battery[168]. By addition of FEC, a highly stable and Li+ 

permeable SEI layers formed on both Li anode and Se/ microporous carbon cathode. The SEI layer 

avoids the continuous inverse reaction of PSe with carbonate-based electrolytes and reduces the 

generation of lithium-branched crystals, resulting in compact and smooth lithium electrodes. 

Ether-based electrolyte 

1.0 M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-

dimethoxyethane (DME) mixture solvents (v/v = 1/1) with 1 wt.%~5 wt.% lithium nitrate (LiNO3) 

became the most widely used commercial ether-electrolyte[169]. The choice of LiTFSI with large  
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Fig. 17 (a) Proposed reaction mechanism of polysulfides in carbonate electrolyte[166], (b) Schematic 

illustration of the in situ formation of protective solid electrolyte layer with FECs[171], (c) Schematics of 

coordination structures of (up) dilute and (down) concentrated solutions[170], (d)The color changes of four 

samples with different salt concentrations containing the same amount of Li2S8 along with time[172]. 

complex anions allows sufficient solubility in ether solvents due to its high disassociation ability. 

The LiTFSI is dissociated into Li+ and TFSI−. The Li+ is coordinated by stoichiometric solvents, 

forming the Li solvated complex, which is surrounded by uncoordinated solvents[170]. The linear 

DME solvent with high dielectric constant can dissolve high concentration of long-/medium-chain 

LiPSes, which greatly facilitates reduction of insulating selenium and acts as solution-mediated 

pathway to drive solid product precipitation. Most importantly, due to the low dipole moment, 

ethers do not react with PSe or selenium radicals during charging and discharging processes, which 

makes them suitable electrolytes for the Li-Se system. The cyclic DOL solvent exhibits low 

viscosity and tends to cleavage and polymerization, forming a robust solid electrolyte interphase 

(SEI) with assistance of LiNO3 decomposition. 

In the ether-based electrolyte, the high dissolution PSe is good for the reaction kinetics by 

multi-step liquid-solid-liquid transformation. The active Se is firstly reduced to lithium 

polyselenide Li2Sen at the upper plateau (∼2.04 V) and then reduced to Li2Se2 and Li2Se at the 

lower plateau (∼1.95 V). Conversely, during the charging process, Li2Se is oxidized to selenium 
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via a Li2Sen intermediate[168]. However, the dissolution of PSe in electrolytes is a double-edged 

sword, which could promote the electrochemical reaction of the Li-Se battery, but at the same time, 

causes a loss of Se due to shuttle effect, which eventually deteriorates the cycle stability of the 

battery. There are two methods to solve this problem, one is to adjust the solvent to reduce the 

solubility of polyselenide or to form an SEI layer, another one is to increase the concentration of 

the electrolyte and reduce the amount of free solvent. 

Chen et al. added 50% (in volume) of diisopropyl ether (DIPE) into DOL/DME electrolyte 

solvent obtained a mixed diisopropyl ether (DIPE)-based electrolyte[173]. DIPE possesses suitable 

solubility of Li salts to afford necessary ionic conductivity, while LiPSs are difficult to be dissolved 

in DIPE, thus shuttle effect was suppressed and Li metal anode was effectively protected. SEI layer 

on the surface of the cathode could prevent the transport of the polyselenide while keeping the Li 

ion permeable, which significantly enhances the cycle stability of the battery. Lee et al. added an 

additive battery grade FEC to the ether-based electrolyte to form an SEI layer on the cathode during 

the first cycle, as shown in Fig. 17b[171]. The additives greatly reduced the reactivity of PSe with 

FEC. Thus, they have successfully demonstrated a significant improvement in the stability and rate 

performance of the Se cathode with the protective SEI layer. Xu et al. changed the electrolyte 

solvent from DME to HFE and kept the other components in 1 M LiTFSI/DOL+DME (1/1, v/v)) 

unchanged[140]. The SEI layer was formed on the surface of the cathode due to the high 

nucleophilicity of HFE reaction with electrolyte, which increased the stability of the battery. Unlike 

the traditional encapsulation strategies that inhibit the shuttle effect, the SEI layer method directly 

circumscribes the formation of PSe. As a result of the presence of the SEI layer, the reaction 

pathway was converted from solid-liquid-solid to solid-solid phase. 

A considerable amount of free solvent molecules in dilute electrolytes (1 M) readily solvate 

LiPSs (Fig. 17c), allowing super high LiPSs solubility, which leads to the battery decay. Increasing 

Li salt concentration renders the less number of free solvent molecules and boosts electrolyte 

viscosity, which thus results in a decreased solubility of LiPSs. At extremely high LiTFSI 

concentration, all solvents coordinate to Li+ and form unique contact ion pairs or aggregates, 

exhibiting an extremely low solubility for LiPSs. Fig. 17d reflects the trend of the solubility with 

the increase of the concentration of the lithium salt of the electrolyte. This bifunctional “solvent-

in-salt” electrolyte benefits the high Columbic efficiency and long-term cyclability. This high 

concentration electrolyte method may be extended to lithium selenium batteries. 
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Modifying the solvent or adding addictive material of the electrolyte to adjust the solubility 

of the PSe or form a thin uniform SEI layer is a good method to solve the problem of shuttle effect. 

Moreover, the high concentration lithium salt electrolyte may work well due to leak of solvent to 

dissolve PSe. It should be noted that excess electrolytes are ubiquitously employed in cells to 

ensure sufficient redox kinetics and preclude the interference of the electrolyte depletion due to 

side reactions with the lithium metal anode. However, this is not the case in a real cell scenario, 

where electrolyte-to-selenium ratio (E/S) < 4.5 is highly advocated to achieve the high-energy–

density goal. Thus, developing lean electrolytes in particular battery still a great challenge. 

3.2 All solid electrolyte 

Ionic conductance in solids originates from the movement of point defects, such as vacancies 

or interstitial ions in the crystal[174]. Transition metal oxides, sulfides and halides can form non-

stoichiometric chemicals with higher intrinsic defect concentrations due to the higher valence states 

of transition metals, which makes it possible to work as ionic solid electrolyte in the battery. 

Compared with flammable liquid electrolytes, all solid-state lithium batteries (ASSBs) using solid 

electrolyte not only solve the safety problem of electrolyte leakage but also effectively block the 

shuttle effect of polysulfides and inhibit the growth of lithium dendrites[175]. Moreover, the 

potential compatibility of solid electrolytes with Li metal anodes permits the battery to achieve 

high specific energy densities, making it possible to utilize it in mobile electronics, electric vehicles 

and large-scale energy storage systems[176]. Some types of ISEs, such as oxides, sulfides and halides, 

have received much attention and have been considered as promising candidate materials in ASSBs. 

The oxides solid electrolytes have good electrochemical and chemical stabilities even at high 

temperature, but their large interfacial resistance restricts the battery assembly. Jin et al. 

synthesized a kind of solid garnet-type Li6.4La3Zr1.4Ta0.6O12 (LLZTO) tube electrolyte[177]. The 

LLATO battery operated at high temperature of 240-300 °C. In this case, Li and Se in the anode 

and cathode materials were liquid, which facilitated rapid ion transport and low electrode-

electrolyte interfacial impedance, as liquid-solid interfaces were formed rather than solid-solid 

interfaces. At the same time, the produced polyselenide shuttle effects were prevented by the 

compact ceramic LLZTO tube. Thus, the ASSBs battery system with LLZTO solid electrolyte 

achieved high energy density and superior electrochemical performance at 240–300 °C. 
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Sulfides become a member of the solid electrolyte due to their higher ionic conductivity and 

better deformability. Li et al. fabricated a novel all-solid Li-Se battery by pressing the commercial 

Li3PS4 powder[163]. The Li+ transport over the Se–Li3PS4 interface is as high as 1.4 ×10-5 S cm-1, 

the Li+ diffusion during the electrochemical cycle was greatly reduced by the interface between the 

solid electrolyte and the active material. However, Li3PS4 is not electrochemically stable when it 

is in direct contact with bare Li during cycling, which leads to the formation of a large interfacial 

resistance and overshadows the advantages of sulfide. A protective layer on the surface of lithium 

anode maybe could solve this problem. 

Rare earth-based halide solid electrolytes are recently considered as research hotspots in the 

field of ASSBs. The halide solid electrolytes possess high ionic conductivity, credible 

deformability, and good stability, bringing excellent electrochemical performances for ASSBs. For 

example, Li et al. synthesized Li3HoCl6 as solid electrolyte; the battery achieved a reversible 

capacity of 402 mA h g-1 after 750 cycles[178]. Shi et al. used the more simpler vacuum evaporation-

assisted method and fabricated Li3HoBr6 electrolyte[179]. The ionic conductivity of the large-scale 

prepared LHB achieved a high value of 1.25 ± 0.08×10-3 S cm-1. The LHB based Li-In/LHB/Se 

ASSBs exhibited stable discharge–charge curves and more than 500 mA h g-1 specific capacity 

after 150 cycles with high Coulombic efficiency close to 100% and excellent rate performances. 

All solid state electrolytes could suppress the shuttle effect and achieve high ionic 

conductivity. However, the transport of Li+ is greatly limited by the high interface impedance 

between electrode and electrolyte, which restricts the development of all-solid Li battery. Therefore, 

the application and commercialization of solid electrolyte battery still face major challenges in 

terms of rechargeability, cycle stability and rate performance. 

3.3 Solid-liquid hybrid electrolyte 

Batteries with liquid electrolytes have the defects of shuttle effect produced by the dissolution 

of PSe and a potential safety hazard posed by leakage. All solid state electrolyte batteries could 

overcome the problems of leakage and shuttle effect, but due to poor interface contact and large 

volume change between the electrolyte and electrode, modification of interface property has 

become the biggest challenge. Therefore, in order to combine the advantages of both liquid 

electrolyte batteries and solid electrolyte batteries, solid-liquid hybrid electrolytes were developed 

as an effective solution for building safe and stable lithium battery. 
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Zhou et al. reported a novel Li-Se battery employing a hybrid electrolyte, which utilizes both 

the shuttle-free property of a solid electrolyte and a rapid liquid phase Se redox reaction based on 

an ether electrolyte[180]. The hybrid electrolyte consisted of a solid ion-conductor 

(Li1.5Al0.5Ge1.5(PO4)3 (LAGP)) sandwiched between liquid electrolyte on both sides (1.0 M LiTFSI 

tetraethylene glycol dimethyl ether (TEGDME) in the cathode side and 1.0 M LiTFSI with 2 wt.% 

LiNO3 in TEGDME in the anode side). In this structure, the solid electrolyte acted as a barrier to 

prevent the diffusion of the PSe intermediate to the anode, while the liquid electrolyte helped in 

promoting the transport of Li-ion, and eventually accelerating the (de) lithiation process of the 

cathode. 

In conclusion, by adjusting the organic solvent or introducing additives into liquid electrolyte, 

the low solubility of polyselenids or the formed SEI layer can effectively prevent the dissolution 

of the PSe and relieve the problem of low selenium utilization. Solid state electrolyte is obviously 

safer and more stable than the liquid electrolyte, but the new problem of slow diffusion of lithium 

ions occurs. Therefore, a research breakthrough in solid-liquid hybrid electrolytes may be of great 

significance to developing an efficient Li-Se battery. 

4 Isolation layer processing 

Inserting an isolation layer between the separator and the cathode can block the diffusion of 

PSe and greatly improve the performance of the Li-Se battery. The main function of the separator 

is to separate the positive and negative electrodes of the battery so as to avoid short-circuit produced 

by contact between the two poles, and simultaneously allow the lithium ions in the electrolyte to 

pass through. However, some PSe produced can pass through the separator to reach the anode, 

where they directly react with lithium, thereby reducing the utilization of selenium. Therefore, 

preventing the soluble PSe of the C/Se composite from passing through the separator becomes an 

effective remedial measure. To achieve this goal, researchers have tried many methods and 

achieved some excellent results. In summary, the modification methods can be summarized into 

three parts: 1) directly adding a third layer between cathode and separator, 2) coating barrier 

material on the surface of the separator, 3) constructing a coating on the surface of the Se/C 

composites. 

4.1 Inserting interlayer between Se electrode and separator 
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Adding an interlayer between Se electrode and the separator is a direct and efficient way to 

introduce the isolation layer. Although there are different kinds of interlayer materials, all need to 

possess some common properties, such as high electrical conductivity, preventing the passage of 

PSe and, at the same time, promoting the transport of lithium ions. 

CNTs and graphene meet all the requisites mentioned above and are good choices as the 

interlayer materials for Li-Se batteries. For example, Peng et al. placed a CNT membrane between 

the reduced graphene oxide encapsulated Se (Se@RGO) cathode (Fig. 18a) and separator to serve 

as the barrier layer to further defer the shuttle effect of PSe[181]. The superior electrochemical 

performance as shown in Fig. 18b suggests that the Se@RGO composite and the CNT barrier layer 

played a great role in preventing shuttle effect of PSe. Zhang et al. placed a carbonized filter paper 

between the selenium electrode and the separator as a separate carbon intermediate layer to improve 

the electrochemical performance of the Li-Se battery[182]. The high conductive porous carbon 

intermediate layer serves as an excellent substrate for holding and containing the dissolved 

intermediate PSe. The introduction of the simple, low-cost intermediate layer enhanced the specific 

capacity and cycle performance of the battery. Xia et al. prepared a Se cathode having an 

alternating barrier layer and active layer structure by a simple syringe filtration method, where the 

barrier layers functioned as the interlayers[161]. The barrier layer consisted of intertwined multi-

walled carbon nanotubes (MWCNTs) and graphene, which served both as PSe intercepting barrier 

and highly conductive current collector. The interlayer had a strong PSe trapping ability to confine 

selenium in the active layer, and also rapid redox conversion ability and high PSe recyclability.  

4.2 Coating interlayer on the surface of the separator 

Coating the protection layer on the surface of the separator is another way to achieve the 

interlayer between the Se electrode and the separator by simple filtration or drop-casting method. 

CNT and graphene have good conductivity and porous structure are good choices for interlayer. 

For example, Li et al. introduced CNTs interlayer on the cathode side of a Celgard 2400 separator 

to form a CNTs interlayer-coated separator by filtering[72]. The thin CNTs layer functions as a 

barrier layer to restrict the diffusion of PSe through the separator, thereby enhancing the cycling 

performance. Besides, Fang et al. coated graphene on the surface of a polymer separator, which 

acts as an interlayer between the cathode and the separator[183], as shown in Fig. 18c. It has been 

proved that the added interlayer could effectively adsorb PSe produced between cathode and 
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separator, thereby greatly improving the performance of the Li-Se battery. In addition, Gu et al. 

prepared an ultra-light, conductive, and free-standing nitrogen and sulfur co-doped graphene N, S-

G film that acted as a current collector and simultaneously as a barrier to increasing the loading of 

active material[184]. The conductive N, S-G film (electric conductivity 148 S m-1) (Fig. 18d) was 

found to improve the electrical conductivity of electrons and lithium ions, and achieved high 

selenium utilization even with high selenium content in the battery. On the other hand, it can 

effectively limit the shuttle effect by physical/chemical inhibition and provide stable cycle life to 

the battery due to its enhanced adsorption to polyselenides. 

 

Fig.18 (a) Schematic diagram of Se NPs encapsulated with RGO. (b) Capacity retention and Coulombic 

efficiency for 200 cycles at 0.2 C and another 300 cycles at 1 C obtained from the Se@RGO composite 

cathode and 120 cycles at 0.2 C from the pure Se cathode.[181] (c) Schematic configuration of a Li-Se cell 

with a graphene-polymer separator. The left figure shows a photograph of a graphene-polymer separator 

with the black side of graphene and the white side of polymer.[183] (d) N,S-G membrane as an interlayer for 

trapping polyselenides and digital photographs of polyselenide adsorption by N,S-G interlayers.[185] (e) 

Schematic illustration of PANI@Se/C-G composite and cycle performance at a current density of 0.2 C 

between 1.0 and 3.0 V.[186] 
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In addition, some oxides have strong adsorption to PSe, which can function as interlayer 

materials. For example, Mukkabla et al. loaded tungsten oxide in the separator by drop-casting 

method to obtain a tungsten oxide interlayer to further avoid the problems of dissolution and 

shuttling effect of PSe[187]. The WO3 interlayer applied to the separator was able to conduct Li-ions 

and at the same time prevent the PSe from being dissolved and shuttled. Therefore, introduction of 

WO3 on the surface of separator could enhance the cycle stability of the battery and maintain high 

specific capacity. With the introduction of the WO3 intermediate layer, the Li-WO3@Separator/Se-

AAC battery showed an initial charge capacity of 808 mA h g-1 and 510 mA h g-1 after 100 cycles, 

which clearly demonstrated the role of WO3 in limiting the capacity decay in Li-Se-AAC cells. 

Porous material working as ionic sieve could effectively suppress the shuttle effect of the battery. 

For example, Bai et al. present a metal-organic framework (MOF)-based battery separator to 

mitigate the shuttling problem[188]. The small pore size distribution of MOF-based separator 

(approximately 9 Å) plays the role of an efficient ionic sieve towards polysulfides migrating to the 

anode while having negligible influence on the transfer of Li+ ions across the separator. Si et al. 

introduced a covalent organic framework prepared by the polymerization of 2,5-Dimethoxy-1,4 

Dicarboxaldehyde and Tetrakis(4-aminophenyl)ethane (DMTA-COF) on the surface of 

separator[186]. The strong sieving effect from the nanopores of DMTA-COF can significantly inhibit 

the shuttle effect during the cycling process and greatly improve the cycling performance of the 

battery. 

4.3 Coating interlayer on the surface of the Se/C composite 

Besides the two methods mentioned above, coating a protection layer on the surface of the 

Se/C composite is another method to prevent the dissolution of the PSe. In addition, due to the high 

electron conductivity of the coating, the transmission of electrons could increase. Several related 

works have been carried out in recent years. Zhang et al. introduced graphene to encapsulate 

selenium/polyaniline core-shell nanowires and formed G@Se/PANI nanocomposite to enhance the 

electrochemical performance of Li-Se batteries[190], as shown in Fig. 18e. The G@Se/PANI 

nanocomposite exhibited excellent cycling performance showing a reversible discharge capacity 

of 567.1 mA h g-1 at 0.2 C in 200th cycle, and a good rate capacity of 510.9 mA h g-1 at 2 C due to 

the introduction of the protection layer. Ge et al. used graphene to encapsulate 

selenium/carboxylated carbon nanotubes. The obtained Se/CCNTs-RGO composites also exhibited 
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excellent electrochemical performances[191]. Wang et al. developed PANI@Se/C-G composite by 

encapsulating polyaniline (PANI)-coated Se/C nanocomposite into graphene sheets with the help 

of electrostatic interactions[186]. Besides, Ye et al. employing PANI layer coating UIO-67 (Zr- 

metal organic frameworks)@Se composite obtained UIO-67@Se@PANI[192]. Luo et al. 

encapsulated Se/C composites in ultra-thin Ni(OH)2 nanosheets to form Se/C-Ni(OH)2 cathode[193]. 

Due to the ultra-thin Ni(OH)2 nanosheets forming a strong protective layer outside of the Se/C 

composites, the dissolution and shuttle effect of PSe were reduced greatly. Moreover, the ultra-thin 

Ni(OH)2 nanosheets improved the diffusion of Li+ in Li-Se batteries, enabling the batteries to have 

excellent discharge capacity, cycle stability and almost 100% Coulomb efficiency. 

Interlayers play an important role in suppressing the shuttling effect in Li-Se battery. In 

general, Se confinement materials in cathodes can be candidates for the application of barrier layers. 

The interlayers prevent the PSe dissolved from the selenium cathode from reaching the Li anode 

through the separator. However, the suppression basically depends on the pores remaining in the 

interlayer material, which can slow down the rate of the migration process of PSe to the negative 

electrode, but cannot let the shuttle effect disappear. Thus, introducing interlayer cannot completely 

suppress the shuttle effect. In addition, the addition of intercalation materials indeed suppresses the 

shuttle effect, however the improved quality of the battery reduces its energy density. Research on 

the preparation of new, high-efficiency, and lightweight separators has a long way to go. 

5 Li metal anode 

Lithium metal with ultra-high theoretical capacity (3860 mA h g-1) and low reduction potential 

(-3.04 V vs. standard hydrogen electrode, SHE) is considered one of the most attractive anode 

materials for electrochemical energy storage. The metallic lithium is a kind of source of Li+ during 

the lithiation process. In addition, lithium, an active metal material, has a reaction with electrolyte 

at the low voltage to form SEI layer, which can protect the electrolyte avoiding further reaction 

with Li. However, due to the uneven current density on the surface of Li foil, the ordinarily formed 

SEI layer is not stable, which will peel off and regenerate with the expansion of the lithium anode, 

thereby worsening the local current unevenness. Due to the different lithium deposition rate at the 

different local places of current densities, the lithium dendrites appear which accelerate the 

fragmentation of the SEI. As shown in Fig. 19, lithium as the anode of Li-Se battery has some 

challenges to overcome: 1) Uneven current density leads to the formation of lithium dendrites, 
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which will pierce the separator leading to the short circuit. 2) The pieced Li dendrites lose contact 

with the electrode and become inactive “dead” lithium. 3) The large volume expansion of the Li 

metal anode during the plating/striping cycles. 4) The PSe shuttle to Li, where they have a direct 

reaction to form Li2Se, resulting in loss of active Se. The uncontrolled lithium dendrites and infinite 

volume expansion, “dead” lithium and loss of active Se during repeated plating/peeling cycles 

result in poor cycle stability, lower Coulombic efficiency and posing safety hazards, greatly 

hindering the practical application of lithium metal anode[194]. For decades of research, the lithium 

dendrites can be avoided by the strategies: 1) averaging of the current density distribution on the 

surface of the current collector and 2) forming a stable and uniform SEI layer on the surface of 

lithium anode. 

 

Fig. 19 The problems that possibly exist in the Li anode. 

5.1 Homogeneous lithium ion flow on the surface of Li anode 

The ununiform current density on the substrate is the most root reason for the Li dendrites 

formation. The uneven spatial distribution and excessive local current of lithium ions on the surface 

of the anode result in the generation of lithium dendrites. According to Chazalviel's model, the 

onset time of uneven deposition is inversely proportional to the square of current density (𝜏≈𝐽–2) 

[195]. Porous conductive skeleton with large surface area was structured to decrease and uniformize 

the current density on the anode surface as well as reduce the volume expansion. The substrates 

can be 3D metal (Cu, Ni, etc.) current collectors, porous carbon framework, inorganic and 

conductive polymers. 
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5.1.1 3D metal current collectors 

Cu with good conductivity, soft changeable, and high stability in air is commonly used as the 

anode current collector. The current collectors have a major impact on the initial nucleation stage 

of lithium plating, which is critical for subsequent lithium plating. The initial plating of Li on a 

planar current collector usually tends to produce uneven deposition of Li particles. 3D copper 

network current collector with a large specific surface area and macroscopic pore structure can 

make the lithium ion flow uniform and reduce the local current density. In addition, the 3D porous 

copper mesh also provides a certain deposition surface for lithium ion deposition, reducing the 

volume expansion of lithium and smoothing the deposition of lithium. 

As is shown in Fig. 20a, small Li dendrites (0.1–0.5 μm in diameter) are easy to form on the 

smooth surface of the planar copper current collector. As the charges accumulate at sharp ends of 

the previously formed small Li dendrites, they will work as charge centers and amplify the growth 

of the Li dendrites. While on the submicron skeleton of the 3D Cu foil as shown in Fig. 20b, 

numerous protuberant tips exist on the surface, which can uniformize the electric field and function 

as nucleation sites. Which resulted in uniformly dispersed Li growing along the Cu skeleton and 

eventually forming a relatively even Li[196]. Li anode in the 3D current collector can run for 600 h 

without a short circuit and exhibits low voltage hysteresis. Different from the surface modification 

grafting method[194], the interconnected porous structure of the copper matrix has the same effect 

in suppressing the growth of lithium dendrites[198-200]. 

When the electroplating Li exceeded 5 mA h cm-2, lithium dendrites will grow rapidly and 

gradually cover the Cu frameworks electrode surface densely. That is due to the equilibrium-

immiscible nature of Cu with Li, the nucleation barrier of Li on its surface is high, Li deposition 

on Cu is sluggish, resulting in the formation of dendritic Li. Thus, introducing some lithiophilic 

sites on surface of the Cu current collector is an efficient way to decrease the Li dendrites. 

Introduction of an artificial-protective film on the copper framework surface is commonly used. 

The effective protective layer shall be homogeneous and usually possesses weak electronic 

conductivity but excellent ionic conductivity to promote uniform and rapid Li+ transportation and 

homogeneous deposition of Li on the current collector, suppressing the formation of the Li dendrite. 

The lithiophilic particles that meet the above characteristics can be some inorganics (oxides, 

sulfides, etc.), polymers or metals. 



Chapter Ⅰ 

55 

 

 

Fig. 20 Illustration of the proposed electrochemical deposition processes of Li metal on (a) planar current 

collector and (b) 3D current collector[196]. The most stable adsorption configurations of Li on the structure 

of (c) Cu and (d) ZnO. (e) Schematic representation of different Li metal deposition behavior on CF (Cu 

foam), MCNCF (multi-level Cu nanofibers on a Cu foam) and ZnO-MCNCF[201]. (f) Diagram of the 

mechanism of PDA-induced Li deposition and the possible reaction between Li and PDA during the plating 

process[202]. Overpotential during Li deposition on (g) Cu substrates, (h) Au coated Cu substrate. 

The first-principles calculations show that ZnO exhibits a much larger Li absorption energy of 

-3.26 eV (Fig. 20d) than the Cu (111) surface of -0.46 eV (Fig. 20c), revealing that the 

electrodeposited ZnO layer is much more lithiophilic than the pure Cu framework substrate[201]. 

Lithium can selectively nucleate with ZnO on the electrode surface through two consecutive 

reactions: Li++ZnO→Li2O+Zn, Li++Zn → LiZn. In this way, Li tends to form grains rather than 

branches. The Li on the surface was very smooth, and no dendrites were observed even with the 

continuous Li deposition over 5 mA h cm-2 (Fig. 20e). Because of their high chemical reactivity 

with Li, Cu2O[203], Cu2S[204] were applied as lithophilic sites also. 

Polymer such as polydopamine[202], tamarind seed polysaccharide[205] and polyaniline[206] can 

be used as lithophilic coating on the surface of Cu substrate to suppress the formation of Li 

dendrites. Because of their rich of hydroxyl groups or amino-nitrogen functional groups inside, the 

lithium ions will firstly react with functional groups and form a uniformly distributed lithium 

complexing functional groups during lithium depositing (Fig. 20f). These groups, worked as 
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nucleation sites, are favorable for the uniform and stable deposition of lithium metal on the current 

collector, thereby effectively suppressing the formation and growth of dendrite. 

It is found that the Li nuclei size and nuclei number density on Cu depend on the overpotential 

(Fig. 20g), which can be tuned to depress dendrite growth[207]. Substrates with certain solubility in 

Li metal, such as Au, Ag, Zn or Mg, generate a solid solution buffer layer before Li metal formation, 

resulting in no overpotential for Li nucleation, as is shown in Fig. 20h. Al and Pt have relatively 

small solubility in Li metal and show small but observable overpotential for Li nucleation (5 mV 

for Al, 8 mV for Pt). While Cu and Ni, because of no solubility in lithium, show a clear 

overpotential (∼30 mV) for Li metal nucleation. These Li soluble materials can be utilized as 

heterogeneous seeds for Li growth. Controlling heterogeneous seeds uniformity and coverage is a 

prerequisite. Hou et al.[208] and Zhang et al.[209] design a uniform nanostructured Ag and Zn 

lithiophilic layer via an electroless plating process, respectively. Liu et al.[210] used the method of 

magnetically sputtered formed uniform lithiophilic Zn coated within inner pores and reduced Li 

nucleation overpotential. Both of them obtained a stable dendrite-free lithium metal anode. 

The 3D porous Ni current collector and Ni foam are used as current collectors due to their 

lightweight and large specific surface by Wen et al.[211] and Yu et al.[212], respectively. Which 

provided a highly conductive network for Li, effectively reduced Li plating/stripping current 

densities, suppressed the formation of “dead” Li, and increased Li+ transport to the electrode 

surface. Especially, Wen et al. in-situ coated a polymerizing polypyrrole (PPy) layer on Ni foam 

to decrease the contact between Li metal and electrolyte, and even Li deposition underneath the 

layer, leading to a dendrite-free Li anode. 

The porous Cu frameworks indeed reduce and lever the current density on the surface of 

substrate, and the decorated lithiophilic sites further accelerate uniform deposition of lithium and 

suppress the growth of Li dendrites. Especially, combined with the protection coating layer, the Li 

dendrites could decrease greatly or even disappear. However, the complex process for the porous 

Cu synthesis and additional coating process greatly increases the cost and is time consuming. 

Besides, the extra Cu or Ni foil as the current collector will greatly increase the weight of the 

electrode and is against the realization of high specific energy of the battery. Some other lighter 

3D current collector and in-situ polar sites introduction are likely directions for future efforts. 

5.1.2 3D porous carbon as Li host materials 
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Carbon materials with the properties of light, high conductivity, stability, abundant reserves 

and diverse porous structure become a good choice for the anode current collector. Moreover, 

similar to the porous copper framework, the 3D porous carbon with increased surface area greatly 

reduces the effective current density, so that the electric field on the anode surface is evenly 

distributed to further inhibit dendrites. Dispersed lithium deposition can reduce volume changes, 

and electrodes with a stable volume can avoid stress fluctuations in the battery and improve its 

safety. The porous carbon can be used in the same way as the porous copper without pre‑stored Li; 

in this case, lithium is introduced by the deposition process. Also, the carbon porous can be used 

with the pre‑stored Li method (i.e. plating). In detail, the carbon host and Li are fully mixed at high 

temperature and cooled to solid at room temperature. 

Carbon fiber with large specific surface area is a promising material for Li deposition. As 

shown in Fig. 21a, the utilized light-weight, flexible, and free-standing 3D hollow carbon fiber 

(3D-HCF) as a current collector[213], significantly reduced local current density and improved Li 

deposition behavior. Lithium was confined within the interspace among the fibers and inside the 

hollow tubular fibers without uncontrollable Li dendrites. Liu et al. structured interconnected 

lithiophilic carbon nanotube (CNT) on the porous carbon cloth, as is shown in Fig. 21b[214]. The 

3D interconnected CNTs successfully changed the lithiophobic carbon cloth into lithiophilic nature 

and Li successfully infiltrated into the host material, reducing the polarization of the electrode, 

ensuring homogenous Li nucleation and continuous smooth Li plating. Moreover, it reported that 

the surface graphitized carbon nanofibers exhibited good wettability with molten Li[217]. Zuo et al. 

synthesized graphitized carbon fibers as anode host, which could realize the reversible Li+ 

insertion/extraction and metallic Li plating/stripping reactions at the same time[218]. 

The main challenge of developing a hosted Li anode with a carbon host is mainly from the 

poor Li wettability due to the mismatch of polarity between the carbon host and Li metal. Besides 

the above complicated process to increase the Li wettability with the host, indispensable additional 

lithiophilic sites are usually required. As with the porous Cu framework substrate, the introduction 

of lithiophilic sites can be realized by heteroatom doping or additional polar material. For example, 

Liu et al. synthesized oxygen-rich carbon nanotube (O-CNT) network on Ni foam[215]. The DFT 

calculation results in Fig. 21c, d indicate that introducing C=O group on CNT, the adsorption 

energies for Li atom (−2.79 eV) was more negative than the pure CNT (−0.76 eV) and Ni substrate  
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Fig. 21 Schematic diagrams of Li deposition behavior of (a) 3D-HCFs, Blue, 3D-HCFs; orange, Li[213]. (b) 

schematic illustration of morphology evaluations of 3D interconnected lithiophilic carbon nanotube (CNT) 

on a porous carbon cloth (CC)[214]. (c) The optimized models of the Li atom adsorption on (Ⅰ) graphene 

cluster with C=O group and (Ⅱ) pure graphene cluster (d) The voltage–time curves during Li nucleation at 

0.5 mA cm-2 on O-CNT, R-CNT, and Ni foam[215]. The inset image is the calculated adsorption energies of 

O-CNT + Li, CNT + Li and Ni + Li. (e) The schematic diagram of the working principle of G-CNF in 

regulating lithium deposition[216]. 

(−0.55 eV). The C=O groups on the CNT surface act as efficient lithiophilic sites, achieving much 

lower overpotential (-31.3 mV) high than pure CNT (-41.3 mV), which was favorable for guiding 

the nucleation and growth of Li-metal. The advantages of oxygen-containing groups of carbon 

substrate were also proved by Wang et al.[219]. Manipulating the ratio of oxygen containing groups 

on reduced graphene oxide papers can be used to control the Li plating/striping behavior. When 

the C=O group content reached 8.4%, a stable dendrite-free Li metal anode was achieved on the 

reduced graphene oxide paper[220]. For the nitrogen-enriched carbon sponge[221], the high N-doping 
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level up to 9.87 at% enables dense and uniform distribution of lithiophilic N-containing functional 

groups, availing spatially homogeneous Li nucleation and achieving a uniform dendrite-free 

morphology. Other muti-heteroatom doped porous carbon with a high specific surface area were 

fabricated from polyacrylonitrile (PAN)[222] or MOF precursors [223-227]. 

Metal nanoparticles such as Ag[228, 229], Au[230], Sn[231, 232], Co[233], Zn[234] and Cu[235, 236] can 

be worked as heterogeneous seeded for Li deposition owing to its zero or low overpotential of Li 

nucleation. Moreover, for the pre-filling of Li host, molten Li easily infuses into the carbon fiber 

framework due to the addition of those lithiophilic nature sites[237]. Another kind of lithiophilic 

nano seeds like ZnO[216, 238-240], Al2O3
[241], CuO[242], MgO[243] and SnS2

[244] are employed to 

optimize Li metal anode mainly via forming conductive alloys, therefore attracting and controlling 

Li deposition. Framework porphyrin (POF) has covalently linked porphyrin units, which proved to 

be highly lithiophilic and the molten Li successfully infiltrated into the composite of CNT and POF 

to fabricate the hybrid Li metal anode[245]. 

Coating lithophilic sites on the surface of carbon host substrates is a good way to control Li 

uniform deposition. But due to the uneven electrochemical polarization within the matrix and 

shorter Li-ion diffusion pathway on the surface layer, the Li ions always prefer to deposit on the 

surface of the host and suppress the Li dispersion in voids, thus leading a low energy density. Liao 

et al. coated the Au on the opposite side (the side distant from the separator) of multichannel carbon 

fibers (MCNF)[230]. The multichannel structure provides abundant space for Li depositing and Li 

quick transfer. Au modified on the back side of the matrix enables Li to fill the deep voids between 

the fibers via heterogeneous nucleation. Moreover, Nan et al. constructed gradient-distributed 

nucleation seeds on the conductive host, as shown in Fig. 21e[216]. The ZnO particles distribution 

gradient is opposite to the lithium-ion concentration gradient, which could reverse the lithium 

nucleation tendency in the 3D hosts and lead to stable deposition of lithium. 

Combining the porous carbon host, lithophilic site modification and gradient-distributed 

nucleation seeds, the composites have achieved great success in suppressing Li dendrites. However, 

how to construct this kind of host material in a simple and accessible method is still a big challenge 

to overcome. 

5.1.3 Inorganic lithiophilic frameworks as Li host 
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Li metal was found to prefer to deposit on the top of the 3D current collector due to the faster 

electron transport than Li+ diffusion[246], which gradually leads to a loose structure occurring in the 

underlayer of deposited lithium. With repeated cycling, the surface of the conductive matrix can 

be covered by a layer of newly deposited lithium, losing its function of stabilizing lithium metal 

anode. The porous carbon with lithiophilic seeds reduces nucleation/deposition polarization and 

guides uniform lithium deposition. However, the preferential selectivity of lithium nucleation and 

growth will reduce the use of effective voids to accommodate lithium metal, and improve cycle 

stability at the expense of reduced specific capacity. Thus, the research focus of Li metal host 

materials moves from using conductive matrix to dielectric matrix, forming dense and uniform Li 

electrodeposits with acceptable sacrifice on local surface area for charge transfer. Lithophilic 

skeletons are selected through first-principles calculations. It is determined by calculating the 

strength of the binding energy of these materials with lithium. 

CeO2 has been extensively studied as alternative anode material by Sun et al.[247] As shown in 

Fig. 22a, Li metal was uniformly deposited into the voids of the 3D CeO2 ceramic framework due 

to the lithiophilic nature of CeO2. Furthermore, due to the high rigidity of the porous ceramic host, 

the host structure has imperceptible volumetric and morphological changes during intense 

lithiation/delithiation cycles. Metallic lithium diffuses into the 3D Al2O3 skeleton with the help of 

the surface fabrication process formed thin layer of lithium aluminum oxide (Li-Al-O)[249]. The Li-

Al-O interphase provides ultrahigh affinity to Li+, which can effectively redistribute lithium ions 

and regulate their deposition behavior, thus suppressing the initiation of dendrite growth. The 

nonconductive 3D Al2O3-based skeleton serves as a Li host to guide Li+ to deposit regularly from 

the bottom to the top rather than directly depositing on the surface of the host. At higher current 

densities, the electrode architecture plays a big role in the morphological evolution of Li deposition. 

It found that an excessive buildup of Li plating occurs on a sharp curvature area, introducing “hot 

spots” for Li dendrite formation, as shown in Fig. 22bⅠ and Ⅱ. Therefore, there is a strong need to 

develop a 3D scaffold that features uniform surface curvature along with a vertically aligned 

structure. Tantratian et al. fabricated well-spaced TiO2 nanotubes arrays anode host material with 

ultrauniform surface curvature[248]. As is shown in Fig. 22bⅣ, the ultrauniform nanotubular 

surface generates uniform local electric fields that evenly attract Li-ions to the surface, thereby 

inducing even current density distribution. The well-defined nanotube spacing offers Li diffusion 

pathways to the electroactive areas as well as the confined spaces to host deposited Li. 
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Fig. 22 (a) Schematic illustration of the plating-stripping process of in CeO2 host and commercial Cu foil[247], 

(b) Schematic of Li deposition on four different anode structures: Ⅰ) Li foil, Ⅱ) vertically aligned structure 

with nonuniform surface curvature, Ⅲ) closed Li nanotubes, and Ⅳ) spaced Li nanotubes. Ⅴ) 3D schematic 

illustration of Li-ion transport under the influence of diffusion and the uniform electrostatic forces that guide 

Li-ions to distribute over the nanotube surface uniformly. Ⅵ) 2D cross-section of a Li nanotube illustrating 

the unique electrodeposition manner, i.e., the circumferential growth of the spaced Li nanotubes[248]. 

5.1.4 Dielectric/insulative organic framework as Li host 

The dielectric/insulative polymers can be functionalized with well-designed chemical groups 

to regulate ion distribution near the anode surface. A the same time, the light and porous structure 
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could mitigate the volume change during Li stripping and plating process. Polyacrylonitrile (PAN)-

based insulative microfiber (IMF) matrix was used as substrate material for the Li metal anode[247]. 

The insulative properties ensure the prevention of undesired side reactions with the electrolyte and 

the prevention of undesired Li metal formation on the top part of the 3D matrix, which is expected 

to decrease the possibility of Li metal dendrite growth. Fan et al. synthesized 3D porous poly-

melamine-formaldehyde (PMF)/Li composite anode[251]. PMF with a large number of polar groups 

(amine and triazine) can effectively homogenize Li-ion concentration when these ions approach 

the anode surface and thus achieve uniform Li deposition. As for the dielectric 3D frameworks, the 

surfaces are usually decorated with polar functional groups, which can homogenize Li+ ions flux 

in the pores so as to inhibit the formation of Li dendrite during charging. However, because 

dielectric material cannot support electron transport, the electrochemical process hardly take place 

in most of the areas, therefore the Se in the pores of framework cannot be fully utilized. In order to 

exploit the lightness and flexibility advantages of polymers, and at the same time, to fully utilize 

the pore rooms inside the framework, conductive-dielectric frameworks were designed. For 

example, Shi et al. and Wang et al. fabricated Ti3C2TX MXene-melamine foam (MXene-MF)[252] 

and melamine sponge@silver nanowires (MS@AgNWs)[253], respectively. Li et al. designed a kind 

of conductive-dielectric gradient framework (i.e., melamine sponge) structure by introducing a 

thickness-dependent gradient structure of conductive Nickel (Ni) nanolayer on a porous dielectric 

scaffold[254]. The conductive-dielectric gradient framework can guide a “bottom-up” Li deposition 

and “top-down” Li dissolution within this structure, rendering controllable and stable Li metal 

deposition/dissolution process. 

In copper and carbon current collectors, especially with the lithophilic sites or coating on their 

surface, the lithium dendrites during the plating/striping are suppressed in some degree. However, 

at the high current density working of battery, the transfer of Li+ cannot follow the fast electrons 

transfer, thus the lithium will be deposition on the surface of the anode, and the structured 3D 

current collectors will lose their function. On one hand, dielectric/insulative inorganic or organic 

framework could solve the problem of up-surface lithium deposition by decreasing the rapid 

electrons transfer. On the other hand, this method occurs a reduction in the activation kinetics. The 

conductive-dielectric gradient framework can combine the advantages of high conductivity and 

bottom-up lithium deposition. However, the design is not easy to realize and its application is 
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limited. Thus, the low price, easy obtained and light current collectors need further exploration to 

avoid the production of lithium dendrites. 

5.2 The SEI film formation to protect Li anode 

Li metal can spontaneously react with almost any available liquid electrolyte to form a SEI on 

its surface due to the highly negative electrochemical potential of Li+/Li. Many research indicated 

that the main contents of the SEI layer are composed of Li2O, Li2CO3 and ROCO2Li. Depending 

on the species of electrolyte or Li salts, LiF, Li3N, and Li3P could also be present. Theoretically, 

the electrically insulating but ionically conductive SEI layer is capable of avoiding the excessive 

depletion of Li and electrolyte. However, the naturally formed fragile and unstable SEI layer with 

these components is easily ruptured by stresses originated from the huge volume change during Li 

plating/stripping processes, facilitating Li dendrite formation through the cracks. Therefore, the 

uniformity and stability of SEI layer have critical effects on the Li nucleation behavior and thus 

plays a vital role in suppressing the formation of Li dendrite. A homogeneous SEI layer not only 

guarantees the uniformity of ion conduction on the deposition area, but also avoids the formation 

of spinous protrusion. 

Multiple technological approaches have been developed to form SEI protective films with 

various thickness, different chemical compositions and structural features on the Li metal, which 

in generally classified into two categories[205]. The first one is direct in-situ deposition of a 

protective SEI layer on a pre-existing surface of Li metal by electrolyte modification. The other 

category, instead, assumes a reverse sequence, in which a protective ex-situ SEI layer is firstly 

deposited on the surface of the current collector or Li metal. 

5.2.1 In-situ formation of SEI 

The electrolyte configuration is an available and economical route to construct stable and 

uniform Li/electrolyte interface, which can in-situ form a protective layer to strengthen the stability 

and uniformity of originated SEI layer. Additives decompose, polymerize or adsorb on the surface 

of the lithium anode, participate in the formation of the SEI film as a reactant to change the 

composition and structure of the SEI film. Additives can modify the physical and chemical 

properties of the SEI, and can also be used as a surfactant to change the reactivity of the lithium 

negative electrode surface, adjusting the uniform current distribution during lithium deposition. 
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The additive material can be from different kinds of SEI layers, such as lithium-halide, nitride, 

polymer-based, oxide, alloy, etc. 

5.2.1.1 Inorganic in-situ SEI 

LiNO3 additive formed SEI 

The in-situ electrochemical decomposition reaction between the additive and electrolyte to 

form a stable SEI is an efficient method to avoid the lithium dendrites. LiNO3 is a commonly used 

additive for SEI film formation (LiNxOy, ROLi and ROCO2Li) on lithium surface in ether based 

electrolyte in order to prevent the formation of lithium dendrites. Zhao et al. constructed a ternary-

salt (LiTFSI–LiNO3–Li2S5) electrolyte to build a stable and dense protective SEI layer by the  

Li2SO3 formation through the reactions between LiNO3 and Li2S5
[255]. However, LiNO3 does not 

work well in carbonic ester electrolytes due to its extremely low solubility inside. CuF2 as a 

dissolving promoter was added into the carbonate electrolyte by Yan et al. to increase the solubility 

of LiNO3 by forming Cu2
+-NO3

− complex[256]. Liu et al. demonstrated nanocapsules made from 

metal-organic frameworks for sustained release of LiNO3 as surface passivation additive in 

commercial carbonate-based electrolyte[257]. More than ten times of the solubility limit of LiNO3 

can be introduced into electrolyte. As shown in Fig. 23a, LiNO3 was continuously consumed to 

remedy the SEI layer and replenished by the nanocapsules during battery operation. Moreover, 

Guo et al. combing vinylene carbonate and LiNO3 as a hybrid electrolyte additive introduced into 

electrolyte to form a stable rich-Li3N SEI layer in carbonic ester electrolytes[258]. Fu et al. 

constructed a Li/LiNO3 (LLNO) composite foil by a facile mechanical kneading approach, as 

shown in Fig. 23b[259]. The uniform dispersion of LiNO3 and its derivatives in the bulk of the LLNO 

composite avoids the exhaustion of LiNO3 in the electrolyte during cycling and helps to make a 

stable Li+ conductive species (e.g., Li3N and LiNxOy) SEI and enable long cycle life of batteries. 

Construction of the effective component of SEI 

Adjusting the additives of the electrolytes to form the SEI rich in effective components (e.g., 

LiF) is more targeted strategy. Compared with Li2CO3, the main ingredient in native SEI film, Li 

halides are beneficial to make for a dendrite-free surface due to their high mechanical strength, 

lower surface diffusion barriers and accumulative space charge effect. Lithium fluoride (LiF) is 

regarded as one of the most important components in these in situ SEI as it promises great potential 

to manage Li deposition behaviors. Shen et al. added copper fluoride (CuF2) into the electrolyte, a 
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solid electrolyte layer (SEI) was obtained by a facile chemical reaction between CuF2 and Li metal 

(CuF2+2Li→2LiF+Cu)[260]. Lithium oxalyldifluoroborate (LiODFB) additive was applied by Wu 

et al. to promote the formation of a LiF-rich passivation layer on the lithium metal surface, which 

not only blocks the polysulfide shuttle, but also stabilizes the lithium surface[261]. Liu et al. 

constructed a homogeneous, dense SEI layer using a new dual-salt electrolyte containing 0.5 M 

lithium difluorobis(oxalato) phosphate (LiDFBOP) and 0.5 M lithium bis(fluorosulfonyl) imide  

 

Fig. 23 (a) Schematic illustration of LiNO3 encapsulated into MOF-808 and its sustained release in 

electrolyte[257]. (b) The fabrication of LLNO composite and added LiNO3 function during electrochemical 

cycling[259]. (c) Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies of the lithium salts (LiPF6, LiFSI, and LiDFBOP) and solvents (EC, EMC)[262]. (d) 

Scheme of Li electroplating and morphology evolution depending on Li3AlF6-rich SEI and usual SEI layers. 

The high bulk Li-ion conductivity and positively charged surface of Li3AlF6 solid electrolyte additive are 

crucial to suppress Li dendrite growth at anode side[263]. (e). Schematic diagrams showing the Li plating 

process in the electrolyte with AlCl3 additive[264] (f) Proposed mechanism for sponge-like lithium 

deposition[266]. 
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(LiFSI) in organic solvents[262]. Due to the lowest unoccupied molecular orbital (LUMO) energy 

(Fig. 23c), the preferential reduction of LiDFBOP occurred prior to LiFSI and carbonate solvents 

and its reduction products (Li2C2O4 and P−O species) bind to LiF prevented the formation of Li 

dendrites. In order to further increase the Li+ diffusion, Li3AlF6 (Fig. 23d) was synthesized and 

worked as additive in electrolyte[263]. It possesses a much higher ion conductivity (∼10−5 S cm-1) 

than LiF and textured nanoporous morphology, which would accelerate the Li-ion transport and 

homogenize the current distribution across SEI layer. 

Further studies have also shown that nanoscale Al2O3 layer can effectively stabilize the 

Li/electrolyte interface and protect Li metal against corrosion in electrolytes. Ye et al. added 

controllable AlCl3 as an additive to the electrolyte to form a dendrite-free Li deposition[264]. The 

additive reacted with traces of water in the electrolyte to form a stable Al2O3-rich solid electrolyte 

mesophase (SEI) layer on the surface of the Li and Al-based positively charged colloidal particles 

(PCCP) in the electrolyte (Fig. 23e). PCCPs could form a positively charged electrostatic shield 

around the protruding lithium during the deposition process and induce the subsequent Li 

deposition to the adjacent regions of the protruded Li, enabling a uniform and dendrite-free Li 

morphology. Cheng et al. added nanodiamonds to the electrolyte and Li ions co-deposit with 

nanodiamond particles onto the substrate, producing uniform and dendrite-free Li deposits, 

therefore, resulting in stable electrochemical cycling[265]. 

5.2.1.2 In-situ Polymer SEI 

With the deep research, the SEI protection layer has been extended. For example, Guo et al. 

intruded Polymethyl methacrylate (PMMA) into electrolyte to assist Li deposition[266]. As is shown 

in Fig. 23f, lithium ions react with PMMA and become immobilized during discharge process. 

These pre-trapped lithium ions are then in-situ reduced into initial lithium seeds to guide sequential 

lithium deposition at the vicinity, ending up with a morphology modeled following the 3D PMMA 

molecular chains. Such morphology provides 3D continuous pathways for fast electron transport 

to eliminate dead Li formation without the help of foreign host. 3,5-bis(trifluoromethyl)thiophenol 

(BTB) worked as eletrolyte additive by Wei et al., its active sulfhydryl group reacts with Li metal 

generated Ph–S− component as organic ingredients in SEI[267]. The Ph–S− component can repel 

LiPSs by electrostatic repulsion. Therefore, the organosulfur-containing SEI is able to mitigate the 
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side reactions between Li metal and LiPSs. The surface of Li anode maintains smooth and uniform, 

decreasing the depletion of fresh Li and electrolyte. 

5.2.1.3 In-situ alloy SEI 

Another type of degradable additive containing alloyable cation can be converted into dense 

Li-M (M = In, Sn, and Al) alloy protection layer or porous metal network layer with sufficient Li 

diffusion coefficient on Li anode. For example, Ishikawa et al. added magnesium iodide (MgI2) 

into electrolyte of lithium hexafluorophosphate (LiPF6) in propylene carbonate (PC) and dimethyl 

carbonate (DMC)[268]. The MgI2 have a reaction with Li to form Li-Mg alloy, which provides a 

compact and morphologically uniform conductive low-resistance interface on the surface of Li 

anode. Then, they pretreated Li electrode with AlI3 additive, showing that the modified interface 

is durable, which given a fine cycling efficiency even after transferring the “treated” Li electrode 

into an electrolyte without any additives[269]. 

5.2.1.4 Long term additive strategy 

However, the self-sacrificial nature of SEI forming additives limits their capability to stabilize 

Li anode for long-term cycling. To solve this problem, Wang et al. incorporate LiI into the 

electrolyte. LiI does not react with the Li but only induces the organic solvent polymerization to 

in-situ form an ion-conductive SEI layer containing flexible oligomer on Li surface[270]. Also, it 

promotes the migration of Li ion, thus rendering uniform Li deposition and decreasing the side 

reaction between the Li/electrolyte interface. He et al. proved that LiClO4 behaves like a catalyst, 

it optimizes the chemical composition of SEI by promoting the decomposition of the main salt of 

LiTFSI via ionic association effect, while LiClO4 itself will not be consumed during cycles[271]. 

In-situ formation of an SEI protection layer with different species and components can be 

achieved by easy and efficient electrolyte modification method. However, the introduced additives 

are continuously consumed during the cycle and eventually lose their effectiveness. The long-term 

working additive is not easy to choose and the species is limited. More importantly, the additives 

in electrolyte may affect the stability of the battery system. 

5.2.2 Constructing ex situ SEI 

Adding additives to the electrolyte to form SEI layer (activation process) on the surface of 

lithium is a simple and effective method. However, the additives added to the electrolyte can hinder 
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the long-term cycle stability of the battery. Thus, dividing the activation and cycling process by 

introducing an artificial SEI is a promising method to get a high lifespan battery. The introduced 

SEI layer should have the properties of high stress, uniform surface, high Li+ diffusion. Therefore, 

it is critical to create a conformal SEI layer that can regulate the lithium ion flux on the lithium 

metal anode surface while being mechanically robust and ionically conductive. A smooth 

distribution of Li ions is achieved by applying a membrane with rich polar functional groups on 

top of the Li anode, which inhibits the movement of Li ions toward protrusions induced by the tip 

effect[272]. The artificial SEI for lithium metal has been extensively explored – polymer, inorganic 

coatings, alloy and organic-inorganic composite[273]. 

5.2.2.1 Ex-situ polymer SEI layer 

Polymers having good ionic conductivity, superior processability and high flexibility, they are 

commonly used as SEI layer. Especially, the abundant lithophilic polar groups of polymers can 

induce uniform lithium deposition. For example, polyvinylidene fluoride (PVDF) with large 

number of CH2 and CF2 groups along the polymer chains displayed spatial arrangement, which 

contributes to the high mechanical strength, good thermal stability, high chemical stability and high 

hydrophobic feature. The coated PVDF protection layer enabled uniform deposition of Li and 

increased the cycle lifespan of rechargeable batteries[274]. Li et al. inserted high selectivity and high 

permeability porous PVDF membrane as a protection layer to avoid the formation of dendrites[275]. 

Moreover, 3D oxidized polyacrylonitrile (PAN) nanofiber layer has been reported to immobilize 

Li ions onto polar functional groups (e.g., -OH, C-N, C-O, and C-N), thereby preventing Li ions 

from gathering around protrusions, resulting in a smooth Li deposit[272]. As shown in Fig. 24a, 

pendant poly(ethylene oxide)‒ureido-pyrimidinone (PEO–UPy) polymer as a robust artificial 

protective layer firmly adhered on the Li surface to achieve long-term Li plating/stripping cycling 

at high current densities and high areal capacity[276]. The obtained LiPEO-UPy@Li layer is much 

more stable in air than bare Li (Fig. 24b). UPy groups had a spontaneous reaction with Li metal 

and formed the LiPEO–UPy SEI layer on its surface (Fig. 24c). Moreover, the PEO in the LiPEO–

UPy layer can provide Li-ion diffusion pathway, as well as slow down and homogenize the fast 

Li+ flux to the surface of the Li metal owing to the electrostatic interactions between the PEO polar 

segments and Li+ in the electrolyte. Kang et al. formed a Li-alkoxide protective layer on Li metal 

via a facile reaction between the surface Li and n-terminal alcohols, which effectively decreased 

the interfacial resistance and Li deposition overpotential[277]. 
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The silk fibroin (SF) provides abundant polar group sites including -CO-NH-, N-H and C=O 

groups, which in situ react with Li to form a high Li-ion conductivity and high Young's modulus 

Li3N-rich SEI. Li et al. synthesized the silk fibroin-polyvinyl alcohol (SF-PVA) layer to uniformize 

the Li ion flux at the electrolyte/lithium interface and realize a significantly improved lithium-ion 

transference number[278]. The PVA enabled the silk fibroin to undergo a secondary structure 

transformation from random coil to β-sheets, which can further facilitate the Li ion transport. The 

cellulose fibers, provided by Kimwipe (KWs) paper with abundant polar functional groups (e.g., -

OH, C-N, C=O, and C=N) to adhere to Li ions, provide excellent wettability and impede the 

aggregation of Li ions around protrusions[279]. The poly(3,4-ethylenedioxythiophene)-co-

poly(ethylene glycol) (PEDOT-co-PEG) copolymer has strong adhesion to lithium surface and 

high ionic conductivity, stabilizes the interface of the lithium anode during prolonged contact with 

the ether-based electrolyte. The formed stable and low-resistance SEI effectively inhibited lithium 

dendrite growth[280]. Chen et al. in situ fabricate a thin (10 nm) but rigid (6.8 GPa) covalent organic 

frameworks (COF)-based artificial SEI layer to reconstruct the Li plating/stripping for Li dendrite 

inhibition[281]. 

5.2.2.2 Inorganic ex-situ layer 

Based on first-principles calculations, it was found that most oxides, sulfides and halides can 

inhibit the growth of lithium dendrites. The robust LiF-enriched SEI with high interfacial energy 

to Li metal effectively promotes planar growth of Li metal on the Li surface and meanwhile 

prevents its vertical penetration into the LiF-enriched SEI from forming Li dendrites. Combing 

with its high chemical stability, low solubility in carbonate based electrolytes and high shear 

modulus, LiF becomes an ideal SEI film component. The LiF layer is usually obtained by the 

electrochemical reaction between Li and additional additive materials. For example, Yuan et al. 

fabricated the LiF-rich SEI by chemical reaction between Li and NH4HF2-dimethyl sulfoxide 

(DMSO) solution[282] and Cui et al. formed the LiF-enriched interphase through the lithiation of 

surface-fluorinated mesocarbon microbeads (MCMB-F) anodes by CoF3
[283]. Other additives, such 

as polyvinylidene fluoride (PVDF)-dimethyl formamide (DMF)[284], CuF[285], graphite fluoride 

(GF)[286] were applied also. Moreover, Liu et al. fabricated a homogeneous LiF protective layer by 

a facile vacuum evaporation method[287]. 
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Polycrystalline Li3N with an exceptionally high Li-ion conductivity (approximately 10-3 S cm-

1), low electronic conductivity (<10-12 S cm-1) combined with the unique stability of nitride anions 

to lithium metal[288], became a good SEI candidate. Ma et al.[289] and Li et al.[290] fabricated Li3N 

protection layer on the surface of lithium anode by direct reaction between the Li and N2 gas at 

room temperature. Ye et al. designed an artificial SEI layer (N-organic/Li3N), consisting of Li2CN2 

and Li3N phases by the reaction with C3N4 and Li[291]. The N-organic/Li3N layer with a high Li 

ionic conductivity can effectively facilitate the transport of Li ions across the electrode surface and 

lead to uniform Li ionic flux on Li electrodes via strong interactions between Li ions and N-organic 

groups, resulting in dendrite-free Li stripping/plating. 

The metal oxide, most representative Al2O3 layer, is an efficient protection layer for lithium 

foil. Kozen et al.[292] and Zhao et al.[293] deposited Al2O3 coatings by atomic layer deposition and 

molecular-layer-deposition (MLD), respectively. ZnO has the lithiophilic property which induced 

lithium deposition. As shown in Fig. 24d, a various ZnO-coated CNT lithiophilic–lithiophobic 

gradient interfacial layer strategy was designed by Zhang et al.[294] The bottom lithiophilic zinc 

oxide/carbon nanotube sublayer facilitates the formation of a stable solid electrolyte interphase. 

Together with the top lithiophobic carbon nanotube sublayer, the gradient interfacial layer 

effectively suppresses dendrite growth and ensure ultralong-term stable lithium stripping/plating. 

Lai et al. developed an ionic gradient and lithiophilic inter-phase film, which promises to produce 

a durable and high-rate Li-metal anode[295]. The film, containing an ionic-conductive 

Li0.33La0.56TiO3 (LLTO) nanofiber (NF) layer on the top and a thin lithiophilic Al2O3 NF layer on 

the bottom. During cycling, the top layer forms a spatially homogenous ionic field distribution over 

the anode, while the bottom layer reduces the driving force of Li-dendrite formation by decreasing 

the nucleation barrier, enabling dendrite-free plating-stripping behavior. Silicon, as the same main 

group of oxygen, has the same property. Li et al. introduced Poly (dimethylsiloxane) which directly 

reacted with Li to form a rich Li-O-Si protective layer, benefiting the conduction of lithium-ion[296]. 

Pathak et al. proposed an ultrathin film of graphite–SiO2 bilayer on Li metal[297]. The graphite acts 

as an electrical bridge between the plated Li and the Li electrode, which lowers the impedance and 

buffers the volume expansion during Li plating/stripping. The ultrathin SiO2 layer facilitates Li-

ion diffusion and lithiation/delithiation, provides higher electrolyte affinity, higher chemical 

stability, and higher Young's modulus to suppress the Li dendrite growth. 
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Fig. 24 (a) Schematic diagram of PEO–UPy coating on Li metal surface. (b) Photographs of bare Li and 

LiPEO–UPy@Li anodes exposed to ambient air for different durations. (c) Chemical structures of the PEO-

UPy and LiPEO-UPy polymers[276]. (d) Li stripping/plating mechanism of Li foils coated with a CNT and 

ZnO-coated CNT interfacial layer[294]. (e) The structure of YSZ-g-PAN hairy nanoparticles and lithium 

deposition behavior of YSZ-g-PAN hairy NPs[302]. (f) SEM cross-sectional image of LbL assembly on a 

porous support and according schematic illustration of the protection LbL layer[303]. (g) Schematic diagram 

of the dual-layered film formation on Li metal anode through FEC treatments[304]. 

Sulfide, selenide or phosphide is also an effective SEI layer to suppress the production of 

lithium dendrites. SeS2 reacts with top layer fresh Li metal to form homogeneous mixed lithium-

ion conductive Li2S/Li2Se (LSSe) protection layer (6Li+SeS2→2Li2S+Li2Se)[298]. The Li2S and 

Li2Se with high lithium-ion migration ability, conductivity can offer high mechanical resistance 

and enable rapid and homogenous transfer of Li ions to the whole-electrode surface, preventing the 

Li dendrite growth. Li et al. demonstrated that the Li3PO4 SEI layer by in situ reaction of 

polyphosphoric acid with Li metal could suppress dendrite growth and restrain side reactions 

between Li metal anodes and liquid electrolytes[299]. The phosphating−nitriding method is 

developed through the reaction between lithium metal and a PCl5−LiNO3 complex by Li et al.[300]. 

An as-formed hybrid interface, consisting of Li3N, Li3PO4, and nanocrystalline LiCl, offers high 

ionic conductivity and strong mechanical stability for uniform lithium electrodeposition. A Li3PS4 



Chapter Ⅰ 

72 

 

based protective layer was successfully constructed by Lu et al. on the surface of lithium metal by 

a spontaneous and rapid reaction between Li metal and THF solution of P2S5/S[301]. 

5.2.2.3 Alloy SEI protective layer 

Li-based surface composite alloy films (Li13In3, LiZn, Li3Bi, or Li3As), generated by direct in 

situ reduction of the metal chlorides by Li at room temperature (xLi+MClx→M+xLiCl (M=In, Zn, 

Bi, As), provide a stable interface for lithium electrodeposition[305]. These alloys have much higher 

lithium diffusion coefficients than lithium metal. In addition, the resistive nature of the film 

provided by the insulating LiCl component in the alloy layer inhibits reduction of lithium ions on 

the surface, and generates a driving force for deposition of lithium under the protective alloy 

surface layer. The alloy protection layer also can be achieved by adding metal nanoparticles. For 

examples, Liu et al. dropped gallium (Ga) nanoparticle dispersion onto the surface of Li foil, in-

situ formed a self-repairing alloy layer (LixGa) with the self-repairing ability[306]. During lithiation, 

the formed chemical stability (LixGa) decreases the Li ion diffusion barrier, resulting in 

homogeneous deposition of Li metal. During delithiation, the liquid Ga partially recovered from 

dealloying process, which fills the small SEI cracks due to the favourable flowability timely, 

avoiding the microcracks emersion. Luo et al. reduced the garnet/Li-metal interfacial resistance by 

depositing a thin germanium (Ge) (20 nm) layer on garnet[307]. The garnet/Li-metal interfacial 

resistance greatly decreased due to an alloying reaction between the Li metal and the Ge. Kim et 

al. formed very thin Li–Al layer on the surface of Li by curing the two laminated foils at elevated 

temperatures[308]. Xia et al. introduced a conformal thin Sn coating on lithium anode[309]. The 

coating layer could effectively inhibit the side reactions of Li metal with both electrolyte and 

polysulfide as well as accommodate the huge volume changes of Li metal anode during cycling. 

Tan et al. introduced Sn/SnO2 and carbon paper composite framework to improve the wettability 

to molten Li[310]. The formed Li-Sn alloy has good Li ion transportability and excellent 

lithiophilicity. Moreover, a LixSi alloy film was fabricated by Xu et al., which allowed fast Li+ 

diffusion to underlying Li and suppressed direct Li plating on surface. Gu et al. dropped the 

solution of AgNO3 on the Li anode to in-site form difunctional protecting layer, which is consisted 

of the LiAg alloy and the modified SEI film by LiNO3
[311]. 

To generate a LiF and Li-Al alloy anode protection layer on Li metal surface, Wang et al. 

coated a Poly(vinylidene-co-hexafluoropropylene) PVDF-HFP/AlF3 composite layer on one side 
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of Celgard separator[312]. AlF3 particles can react with Li metal and the synergy of robust LiF-rich 

SEI layer coupled with a Li-Al alloy with fast Li+ migration can regulate homogeneous Li 

deposition and enhance cycling stability of Li metal. Wang et al. formed hybrid compositions SEI 

(AgxLiy, Ag2S, LiF, and Li2O) by simply dropping a LiTFSI and AgNO3-containing solution on Li 

metal[313]. These hybrid compositions provide the Li anode with a lithiophilic surface, low Li 

depositing/stripping overpotential and protective interface film, yielding a “self-spreading” 

deposition behavior of Li and excellent cycling stability of Li-metal batteries. 

5.2.2.3 Organic-inorganic composite protective layer 

Polymer coatings could be easily formed by solution casting or in situ formation, exhibiting a 

certain extent of flexibility/flowability. However, typical polymer coatings have low ionic 

conductivity (<10−5 S cm-1 at room temperature) and poor mechanical strength, especially when 

swollen by organic electrolyte. Moreover, due to the low transference number of most polymer 

materials, they are inefficient at regulating the flux of lithium ions at the anode/electrolyte interface. 

Conversely, inorganic coatings, such as SiO2, Al2O3, ZnO, etc., have been proposed as an 

alternative, because of their high shear modulus, functionality, and lithiophilicity. Nevertheless, 

typical brittle inorganic layers cannot withstand the anode volume fluctuation during lithium 

plating/stripping. Therefore, it is compelling to fabricate an inorganic/polymer hybrid SEI that 

combines advantages of both types of artificial SEI (i.e. facile preparation, high flexibility, ductility, 

transference number, and ionic conductivity) and overcomes their respective weaknesses. 

Li et al. fabricated an effective artificial SEI of inorganic/polymer as shown in Fig. 24e. The 

YSZ-g-PAN hybrid hairy nanoparticles were covalently grafted polyacrylonitrile (PAN) from 

oxygen vacancy (Vo)-rich yttria-stabilized zirconia nanoparticles (YSZ NPs) via surface-initiated 

atom transfer radical polymerization[302]. The YSZ NPs accelerate and uniformly distribute the Li+ 

flux, and the grafted PAN polymer chains maintained good structural integrity. Their combined 

action enables SEI layer to achieve uniform Li deposition while suppressing dendrite growth. Xu 

et al. rationally hybridized poly(vinylidene-co-hexafluoropropylene) (PVDF-HFP) and LiF into a 

composite film and serves as an artificial protective layer on Li metal anode[314]. A multifunctional 

sulfur-containing hybrid Li polysulfidophosphate and poly(2-chloroethyl acrylate) cross-linking 

film was demonstrated to show superior protection for a Li metal anode[315]. This protective layer 



Chapter Ⅰ 

74 

 

on the Li metal anode can facilitate forming a stable organic/inorganic hybrid SEI layer containing 

multiple components to stabilize lithium metal anode. 

Lee et al. applied ultrathin films on top of a commercially available porous polypropylene 

(PP) membrane using an ion-conductive polymer and graphene oxide (GO)[303]. The protected film 

was layer structured by poly(ethylene oxide)‒GO‒poly(ethylene oxide)‒Poly(acrylic acid) (PEO‒

GO‒PEO‒PPA). As is shown in Fig. 24f, the layer-by-layer (LbL) assembly was accomplished 

using hydrogen bonding between PEO, an ionically conductive polymer that promotes Li transport, 

and GO, which served as a nanoscale selective barrier layer. PAA plays the role of an intermediary 

layer that also hydrogen bonds with PEO. This approach greatly suppressed Li dendritic growth 

and improved Li-anode lifetime while maintaining low thickness and mass. Yan et al. constructed 

a dual-layered film on Li metal anode by spontaneous reaction between Li metal and fluoroethylene 

carbonate (FEC) solvent[304]. As is shown in Fig. 24g, the ionic conductive film exhibits a compact 

dual-layered feature with organic components (ROCO2Li and ROLi) on the top and abundant 

inorganic components (Li2CO3 and LiF) in the bottom. The organic layer contributes good 

flexibility to avoid damages, and inorganic Li2CO3–LiF layer guides ordered nucleation sites and 

suppresses the formation of lithium dendrites. Zhao et al. synthesized natural solid electrolyte 

interphase-inspired dual protective layers[316]. On one hand, the dense ALD films as inner layers 

can be used to transport Li+ while blocking the pathway of electrons and the reactions between 

electrolyte and Li metals. On the other hand, the highly flexible and porous MLD films are used as 

an outer shell to provide the channel for electrolyte diffusion and relieve the volume change of Li 

metals during cycling. 

Organic/polymer compounds with the properties of facile preparation, high flexibility, 

ductility, transference number, and ionic conductivity is an ideal SEI to suppress the growing of 

lithium dendrites. However, the organic/polymer compounds are difficult to simultaneously 

achieve both good mechanical strength and ionic conductivity, because the mechanically strong 

polymer film requires high crystallinity while ion conductive polymer film need low crystallinity 

that allow the polymer chain swing. On this regard, a brilliant surface layer with both high strength 

and good ionic conductivity is highly desired to achieve dendrite-free lithium metal deposition. 

In conclusion, ex situ coatings, composed of polymer, inorganic ceramics, and their hybrids, 

are able to offer controllable mechanical strength, thus overcoming the fragility issue that in situ 
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SEI essentially meets. Nevertheless, low ionic conductivity, insufficient mechanical robustness of 

polymer, and poor interfacial contact of ceramics remain formidable challenges to render efficient 

and dendrite-free Li metal anodes for practical applications. Therefore, it is of vital importance to 

develop an effective protective layer on Li metal anode, which is requested to provide rapid Li ion 

diffusion, high mechanical modulus, and good shape conformability simultaneously. 

Optimization of SEI, achieved by electrolytes improvement or artificial interphase 

engineering, is a good way to balance the contradiction between Li dendrite inhibition and Li ion 

conductivity. However, the composition of SEI largely affects the battery performance. There also 

have a long way to go. 

5.3 Li alloy-based materials as Li host 

Alloy-based materials are promising anodes for rechargeable batteries because of their higher 

theoretical capacities in comparison to graphite. The alloy framework is functionalized as a 

lithiophilic current collector in the lithiation process, featuring enhanced structural stability and 

suppressed Li dendrite growth. Unfortunately, the huge volume changes during cycling cause 

serious structural degradation and undesired parasitic reactions with electrolytes, resulting in 

fragile solid-electrolyte interphase formation and serious capacity decay. In addition, the alloy 

electrodes have a high reduction potential, leading to low energy density. In order to maximize the 

utilization of Li metal anode capacity and solve the problem of Li dendrite growth, strategies were 

carried out by the researchers. 

Constructing a Li-rich alloy framework is a direction where to put efforts. For example, Kong 

et al. used Li-rich Li-Mg alloy as anode of Li-S battery[317]. As shown in Fig. 25a, the volume 

change of pure Li anode during repeated Li stripping/plating has no limit in a plate electrode, the 

floating interface and the resulted internal stress will destroy Li anode. While for the Li-rich Li-

Mg anode (Fig. 25b), due to the very broad range of Li-Mg alloy phases, the Li–Mg alloy 

framework can kept stable. After stripping process, the matrix of Li-poor Li–Mg alloy with high 

electric and ionic conductivity as a porous skeleton structure can be formed, which can guarantee 

the structural integrity of the anode in the bulk during Li stripping/plating process. Jia et al. 

designed a 3D dual-phase Li-Ca alloy framework (Li metal phase and alloy phase) with microsized 

patterns which significantly improved with a Li metal phase as the reservoir providing reversible 

capacity[318]. In principle, the Li metal phase is responsible for reversible capacity, and the alloy  
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Fig. 25 Schematic structure illustration in the bulk and at the surface for a) Li and b) Li–Mg alloy anodes 

during Li stripping/plating process[317]. Morphologies of the LiCux solid solution skeleton after removing 

metallic Li from the Li-Cu alloy: (c-f) Cu2Li3, (g-j) CuLi10, (k-n) CuLi60
[319]. 

phase is designed as a 3D lithiophilic framework for regulating the uniform deposition of Li+ ions, 

as well as a host to regulate volume variation upon cycling. Later, they fabricated Li-Cu alloy 

anode, where the metallic Li phase distributed in the network of LiCux solid solution phase[319]. 

The LiCux nanowires (Li-CuNW) framework after Li removal is shown in Fig. 25c, which reflects 

that the morphology of Li-Cu alloy phase can be variable by adjusting the ratio of Li and Cu. 

Among all the different Li-rich Li-Cu alloy, CuLi60 achieved best performance. The obtained 

lithiophilic LiCux nanowires guide conformal plating of Li and the porous framework provides 

superior dimensional stability for the anode. Duan et al. and Zhang et al. synthesized Li-B alloy 
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fibrillar network framework filling of metallic lithium as anode, respectively[320, 321]. The Li-B alloy 

restrains the formation of lithium dendrites and cracks in the anode. 

The formation of Li-Sn alloy undergoes huge volume expansion, so Sn-based anodes usually 

buffer their volume changes by adding inert phases to improve their cycling stability. For example, 

Qiu et al. dispersed CMK-3/Sn powder inside Li metal by multiple folding and rolling, and reacted 

with Li to form LixC and LiySn alloys[322], which reduce the overpotential of Li deposition, promote 

uniform Li deposition and inhibit Li dendrite growth. To stabilize the lithium alloy surfaces, Zhong 

et al. in situ coated Li-Al alloy layer on the Li-B electrode surface by a pressing treatment 

process[323]. Because of the electronic conductivity of Li-Al alloy layer is much lower than that of 

Li-B alloy, the Li deposition occurs beneath the Li-Al layer, keeping the stable of the Li-Al alloy 

layer. 

Lithium alloy anode materials have the advantages of high specific capacity and low cost, and 

the volume effect and lithium dendrite growth of alloy electrode materials can be alleviated through 

nanostructure design and preparation of materials with uniform composition. However, the 

problems of high first cycle irreversible capacity, suboptimal cycle performance, volume expansion 

etc. still exist. The optimized design of multi-component lithium alloys, the stabilization treatment 

of lithium alloy surfaces, and the construction of composite materials maybe able to solve the above 

problems. 

Although the performance of Li anodes has been greatly improved by various strategies, there 

are still many problems before it is put into commercial production, such as the safety problem 

caused by the high activity of lithium, the leakage of organic electrolyte, the volume expansion 

problem and the inevitable lithium dendrites production under high current and long cycle 

charge/discharge process. Moreover, the mechanism of modification of lithium anode needs to be 

further explored. 

Conclusion and outlook 

In recent decade years, research on the high energy density Li-Se batteries has made great 

progress. This chapter addresses the issues of low utilization rate of selenium, shuttle effect of PSe 

and lithium dendrites by summarizing the optimization scheme of various aspects of Li-Se battery. 

The modification of Li-Se battery was carried out from selenium cathode, including physical 

adsorption by designed pores and chemisorption by introduced polar sites. Inserting a SEI barrier 
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layer between cathode and separator is beneficial to prevent the diffusion of polyselenides and 

generation of lithium dendrites. In addition, the modification of the electrolyte and the separator 

also reduces the speed of the PSe passing through the separator to some extent. At the end, methods 

to suppress lithium dendrites, one of the most vexing problems in lithium-selenium batteries, are 

discussed. Among above modifications, the high surface area Se particles and 3D carbon 

frameworks are designed, and an SEI protection layer is introduced. To induce the uniform lithium 

deposition, lithium alloy anode materials are applied. All these efforts by scientists have made a 

positive contribution to improve the performance of Li-Se battery. However, they still leave us 

with many key scientific issues to be deeply studied. For example, the reaction mechanism of the 

C/Se interface and electrolyte/SeC composite interface during charge and discharge progress, the 

mechanism of polyselesides movement in electrolyte and the interaction mechanism with negative 

electrode. Solid electrolytes and high-concentration liquid electrolyte adjustment strategies can 

solve these problems to a certain extent. However, at the same time, new problems such as high 

interfacial resistance problems and ion transport problems caused by the increased electrolyte 

viscosity will appear. Besides, there are also some technical issues that deserve a further research. 

For instance, how to obtain a selenium electrode with a high thickness that is not easily 

disintegrated by volume expansion, how to solve the contradiction between high content of 

selenium and its low utilization rate and how to solve the contradiction between battery safety and 

transmission rate of electron and lithium-ion. How to obtain an ultra-thin protective lithium sheet 

is also a problem that needs to be considered in the practical process of metal lithium batteries. In 

addition, establishing a practical and objective evaluation standard of the battery has important 

industrial significance for the development of Li-Se battery. In order to solve these problems, on 

the one hand, we can promote the practical application of Li-Se battery by industry-university-

research cooperation; on the other hand, deeply exploring the reaction mechanism of the battery is 

urgently needed. Moreover, continuous technological innovation, and breakthrough in the 

development of Li-Se battery by exploring new materials and new theories may be a new direction 

to achieve bright prospects.  
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Table 1 Chemical performance of various Li-Se batteries with different cathodes. 

Electrode materials 

Capacity (mA h g-1) at different rate (mA g-1) 

Cycling performance (mA h g−1) (cycles, Rae)  Se loading Ref. 

100 200 400 500 1000 2000 3000 4000 5000 

Se8/mesoporous 

carbon 

500(0.1C)       229(5C)  480(1000,0.25 C) 30 wt.% [15] 

3DGCNT@ Se 608.5(0.2C) 585.5(0.5C) 558.3(1C) 523.6(2C) 486.5(3C) 436.4(4C) 370.7(6C) 295.8(8C) 192.9(10C) 504.3(150,0.2C) 51 wt.% [156] 

Se@CNx 679(80 mA g−1) 
656(160mA 

g−1) 
612(320) 539(800) 474(1600)     608.8(100,1C) 453.2(400,800mAg-1) 62.5 wt.% [154] 

hollow 

nanosphereSe@RGO
500（0.1C） 454(0.2C) 423(0.5C) 394(1C） 

     343(50,0.2C) 70 wt.% [26] 

CB free Se 

NPs@CTAB-

MWCNTs 

790.8(0.1C) 649.3(0.2C) 501.7(0.3C) 403.8(0.5C) 223.5(1C) 73.1(2C)    157（500,0.5C） 72 wt.% [30] 

Se@Al2O3 core-

shell nanowires 
         258(50,150 mA g−1)  [28] 

NP-Se          206(20,100 mA g-1)  [27] 

Se/CMK-3    486(1C) 471(2C)   361(5C)  353(500,1C) 49.0 wt.% [31] 

Se/EDTA   473.6(0.6C)  353.1(2.4C)   291(4.8C)  538.4(100,0.24C) ~50 wt.% [32] 

HCPS/Se   393.2(0.5C)  246.8(2C)     298.7(100,0.5C) 41.2 wt.% [46] 

Tube-in-Tube carbon 

(TTC) 
 518(0.2C) 497(0.5C) 351(1C) 364(2C)     403(800,0.2C) 70 wt.% [50] 

Se/MCNF 560(0.1C) 546(0.2C) 522(0.5C) 495(1C) 463(2C)   420(5C)  400(2000,1C) 50 wt.% [55] 

Se/HPCF-rGO  584(0.2C) 532(0.5C) 492(1C) 455(2C)   408(5C)  485(500,1C),418(1000,2C),287(3000,5C),208(5000,10C)  57 wt.% [71] 

RFCS/Se-50  592.1(0.2C) ~550(0.5C) ~480(1C) 420(2C)   358.2(5C)  643.9(100,0.2C),411.4(1000,0.2C) 38.78wt.% [40] 

Se/PCNs 650(0.2C) 605(0.5C) 580(1C) 555(2C) 525(4C) 508(6C) 492(8C) 479(10C) 440/386(15/20C) ~2000 mAh cm-3(1200,1C) 70.5 wt.% [41] 

GC-TiO/Se   630(0.5)      435(10C) 584(850,0.5C) 70 wt%, [42] 

A4-carbon/Se 

microspheres 
 ~680  ~620 ~540 ~470  ~360 265(6 A g-1) 582(500,0.5 A g-1),343(2000,2.0 A g-1) 59 wt.% [43] 

Se/PHCSs          338(50,0.1C) 60.0 wt.% [47] 

Se@PPy HS ~420(0.1C) ~400(0.2C) ~350(0.5C) ~300(1C)    238(2C)  400(80,0.2C) 52.4 wt.% [321] 

Sn-Se@C core shell 681     496    525(1000,0.5 A g-1) 59.5 wt.% [44] 

MWCNT/Se   ~620(0.5C) ~560(1C) ~490(2C)  ~360(4C)   355.5(100,0.5C) 56.17 wt.% [49] 

CPAN/Se ~600(0.1C)  ~500(0.5C) ~430(1C) ~380(2C) 290(3C)    600(500,0.3C)  [52] 

Se@CNFs-CNT 618(0.05 mA g-1)    485     517(500, 0.5 A g-1) 35 wt.% [53] 

PCNFW/Se  485.1(0.2C)  345.6(1C)      414.5(100,0.2C),323.7(300,1C) 33.2 wt.% [54] 

Se@CCNFs-20-PCZ 1071(0.1) 482(0.2C) 427.7(0.3C） 338.6(0.5C) 205.6（1C) 110.8(2C)    640.3(100,0.1C) 60 wt.% [56] 

G-SeHMs  610(0.2C) 505(0.5C) 400(1C) 355(2C)   301(5C)  544(100,0.1C) 80 wt.% [57] 

Se/CNSs-850 700(0.1C)        390(10C) 600(100,0.1C),376(1000,0.5C) 60 wt.% [58] 

potassium citrate 

derived carbon/Se-

700 

      415.2(4C)   498.9(60,0.2C),362.8(500,2C) 55wt.% [59] 

HPCA/Se    400(1C)    301(5C)  309(100,0.5C) 45 wt.% [60] 

CNTs@Se/graphene-

CNTs 
 665    479    538(80,0.5 A g-1) 

70 wt.%–75 

wt.% 
[143] 

Se/SPC 438(0.2C) 426(0.33C) 417(0.5C) 405(1C) 375(2C)   321(5C)  417(100,0.2C) 57.5 wt.% [72] 

Se/ABPC 610(0.1C) 562(0.2C) 510(0.5C) 469(1C) 429(2C)     591(98,0.1C) 66.67 wt.% [78] 

HPTCs/Se  500(0.2C) 458(0.3C) 435(0.5C) 380(1C) 325(2C)    317(900,2C) 53 wt%. [80] 



Chapter Ⅰ 

80 

 

Se/MMPBc-3   507.2(0.5C) 460.9(1C) 421(2C)     466.8(300,0.2C)） 56.1 wt.% [81] 

Se/PPDC 650(150 mA g−1)  
600(300 mA g-

1) 

530(600 mA 

g-1) 

410(900 mA 

g−1)     490(100,150 mA g−1) 47 wt.% [82] 

SPC/Se  ~520(0.2C) ~440(0.3C) ~380(0.5C) ~290(1C) ~170(2C)    290(840,1C) 63 wt.% [83] 

N-LSCM-900  655.4(0.2C) 613.4(0.5C) 572.8(1C) 504.5(2C)   358.4(5C)  350(1000, 1356 mA g−1),  [84] 

PCM/Se          230(510,2C) ~52 wt.% [86] 

PCc-2/Se  

530.8(0.2C) 

388.2 or 
438.1(0.5C) 388.2(1C) 339.5(2C) 295.8(4C)    431.9(60, 0.2C) 57 wt.% [87] 

Se-50.2/CPC  670(0.2C)     477(4C)   633.9(100,0.1C) 50.2 wt.% [89] 

N,O Co-doped 

carbon/Se 
549.6(0.48C) 506(0.96) 450.4(1.92C)     342.8(4.8C)  446.9(100,0.24C) 50 wt.% [322] 

Se–CP   ~620(0.5C) ~550(1C) ~500(2C)  ~400(5C) ~360(10C) 303(20C) 506(150,1C) 60 wt.% [91] 

Se/N-MPCS 635(0.09C) 590(0.19C) 560(0.47C) 520(0.93C) 485(1.87C)   440(4.7C)  570(350,0.5C) ~50 wt.% [92] 

Se@N-CT 1261(0.1C) 630(0.2C)  404(1C) 350(2C) 271(3C)    403(100,0.2C),365(100,1C) 48 wt.% [93] 

Se50/HDHPC   681(0.5C) ~680(1C) ~650(2C)  ~580(5C) ~520(10C) 416(20C) 545(1500,0.5C),320(5000,2C) 
48 

wt.%(5:5) 
[90] 

Se–NCHPC     348(0.5C)   261(5C)  305(60,2C) 56.2 wt.% [94] 

Se-NCSs  475(0.2C) ~430(0.5C) ~339(1C) 275(2C)     480(100,0.1C),301(500,1C) 56 wt.% [95] 

MCMs/Se   455(0.5C) ~499(1C) ~380(2C)   320(5C)  300(100,0.5C) 50 wt.% [96] 

Ag2Se@Se/NMC  ~630(0.2C) ~550(0.5C) ~400(1C)  ~350(3C)  294(5C)  382(100,0.2C),206(400,0.5C),193(400,1C) 67 wt.% [97] 

NHCS/Se-52  545(0.2C) 493(0.5C) 443(1C) 410(2C)    265(10C) 541(500,0.2C) 52 wt.% [98] 

NCS-0.5/Se-50  553(0.2C) 512(0.5C) 478(1C) 416(2C) 293(5C) 231(7C) 155(10C)  

483/480/429/387/344/324/344(2/10/100/500/1000/2000/30

00,1C) 
50 wt.% [99] 

Se@KF65 1166.4 1041.4  935.5 842.8 750.1   614.3 917.8(600,1 A g−1) 60 wt.% [100] 

meso-C@Se   448.9(0.5C)  385.9(2C)   323.8(5C)  306.9(100,0.5C),279.5(100,2C) 48 wt.% [102] 

SeS2/HMCNCs 930.3 815.5  767.4 699.3 588.6   455.1 812.6(100,0.2 A g−1) 78.1 wt.% [103] 

NPC/CGB-Se   564(0.5C) 552(1C) 527(2C) 487(5C) 467(7C) 442(10C) 409(15C) 462(1000,0.5C) 59.8 wt.% [106] 

BP-CNF/Se   696(0.5C) 670(1C) 645(2C)   607(5C) 568(10C) 588(300,0.5C) 60 wt.% [117] 

Se-NCSs 605(0.1C) 575.9(0.2C) 513.4(0.5C) 456.9(1C) 392.6(2C)   286.6(5C)  443.2(200th，0.5C） 50 wt.% [113] 

Se@CoSe2-PC  631(0.2C) 509(0.5C) 428(1C) 356(2C)   275(5C) 210(10C) 408(100,1C) 43 wt.% [243] 

MoS1.5Se0.5-3D rGO 775(0.1C) 700(0.2C) 690(0.5C) 600(1C) 550(2C)   500(5C) 
400(10C,1 

C=680mA g-1) 
1225(200,100mA g-1)  [323] 

ZIF-67@Se@MnO2    746(1C) 397(2C) 347(5C) 305(10C) 256(20C) 147(50C) 329(100,1C),273/232 (100,2 C/5 C)  38 wt.% 123 

Se/CMCs  420.4(0.2C)      218.1(5C)  425.2(100,0.2C) 49.7 wt.% [116] 

C-Co-N/Se 668.7(0.1C) 630.2(0.2C) 601.7(0.5C) 543.7(1C) 478.2(2C) 422(4C) 350.2(6C) 273.5(8C) 196.9(10C) 574.2(200,0.1C) 76.5 wt.% [105] 

Co-N-C/SeS2 1193.5(0.1C) 1080.7(0.2C) 928.2(0.5C) 760(1C) 604.1(2C)  439.7(4C) 300.3(6C) 138.1(8C) 970.2(200,0.2C) 
66.5 wt.% 

of SeS2 
[139] 

S0.94Se0.06/C 1123 1105  1034 961 926 
802(10A g-

1) 
617(20 A g-1) 863 910(100,1 A g-1),1105(100,0.2 A g-1) 50 wt.% [324] 

SeS2@MCA 1074(250 mA g-1)   731  371    601(10, 500 mA g-1) 
49.3 

wt.%SeS2 
[131] 

SexSy/MCM    965.3(1C) 829.8(2C)   688.8(5C)  796.4(100,0.5C)  [132] 

SeS2@ISMC  882(250)  751 649 544  465  486(200,0.5A g−1) 
49.7 wt.% 

SeS 
[137] 

S0.87Se0.13/CPAN 1371(60) 1218(120) 964(300) 557(600) 284     1210(100,120mA g-1),989(200,300mA g-1) 
S0.87Se0.13-

40 wt.% 
[140] 
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S/Se@CB⊂NNH      ∼766 ∼662 ∼572  ∼488 804.3(300th),∼753(500,0.2Ah g-1) 
Se/S 64.8 

wt.% 
[325] 

Se2S6/NMC    ~900 ~790  ~620  ~480 883/780(100/200,250 mA g−1) 60 wt.% [135] 

SexS8−x-

M32/VACNTs  1068(0.2C) 927(0.5C) 853(1C) 739(2C)   632(5C)  818(500,500 mA g−1) 72.4 wt.% [138] 

PDSe-S/PDSe-S2 214/318(0.1C) 169/232(0.2C) 150/205(0.5C) 136/193(1C) 113/174(2C)      

64 wt.%/67 

wt.% 
[145] 

PDATtSSe 740(50 mA g−1) 632(100) 570(200) 490(500) 422(800) 373(1000) 333(1200)   500(400,0.6 A g−1) 71.6 wt.% [147] 

Se@PCNFs 637 604  566 545 460  306  643(100,0.05 A g−1),516(900,0.5A g-1) 52.3 wt.% [153] 

freestanding 

Se@MCNFs 

642 616  578 526 379    596(100,0.1 A g−1),430(300,0.5 A g−1) 48 wt.% [326] 

self-standing 

grapheneeSe@CNT 
~330(0.1C) ~230(0.2C) ~140（0.5C) 80(1C）      315(100,0.1C) 30 wt.% [158] 

Se/MCN-RGO 650(0.1C) 593(0.2) 525(0.5C) 462(1C) 377(2C) 274(3C)    400(1300,1C) 62 wt.% [155] 

CNF/Se as barrier 

layers and active 

layers were prepared 

580(50),~480(100) ~460 ~430 ~420(400) 389(800)     508(300,50 mA g−1) 63.5 wt.% [157] 

GO@Se@Ni ~550(0.1C) ~430(0.2C) ~280(0.5C) ~200(1C) ~160(2C) 100(3C)    266(100,0.1C)  [327] 

Se-Li3PS4-C 652,649(150) 642,611(300) 574  462(800)     585(100,50 mA g-1)  [159] 

Se/MC   603(0.5C) 591(1C) 588(2C)  584(5C) 575(10C) 569(20C) 511(1000,5C) 51.4 wt.% [165] 

Li-

WO3@separator/Se-

AAC 

799(0.1) 510(0.2C) 451(0.3C) 375(0.5C) 238(1C) 126(2C)    494 (100,0.1C) 70 wt.% [184] 

G@Se/PANI  633.1(0.2C) 563.7(0.5 C) 530.6(1C) 510.9(2C)     567.1(200,0.2C) 66.18 wt.% [328] 

PANI@Se/C-G     529.2(2C) 514.2(3C) 499.8(4C) 475.6(5C)  588.7(200,0.2C),528.6(500,2C) 51.9 wt.% [183] 

Se/C-Ni(OH)2  606(0.25C) 555(0.5C) 474(1C) 395(2C)     323(300,1A g−1)  71.8 wt.% [190] 
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1. Objective 

Batteries, worked as a kind of green renewable energy, have been popularly used in many 

fields, such as vehicles, electronic equipment, etc. Li-Se batteries, with the advantages of high 

specific capacity, small volume and much higher conductivity of Se than S, are possible to be 

introduced to the market in the future. Unlike Li-ion batteries, Li-Se batteries give electrical power 

by the reaction of Se and Li. Due to the low density of the product of Li2Se, the Se cathode 

experiences the volume expansion, which leads to the splitting off of the cathode. During the 

discharge/charge process, the intermediates of polyselenides are produced. The soluble 

polyselenides dissolution and shuttle between cathode and anode lead to the fast capacity decay of 

the Li-Se batteries. Thus, before introducing Li-Se batteries into the market, these intractable 

problems of shuttle effect, volume expansion, and fast capacity decay should be solved first. This 

is exactly the main objective of the present research work. 

2. The scientific strategy 

Many researches on Se cathodes have been carried out focusing on the above problems, such 

as enlarging surface area of the active Se by special morphological design, fabricating kinds of 

carbon host materials of different dimensions, selenium-sulfur solid solutions (SexSy), hybrid 

sulfur-selenium co-polymers and binding free cathode. In addition, adjusting the composition of 

electrolyte and introducing the interlayer between cathode and separator can suppress the shuttle 

effect. Based on the previous works, we find that confining active Se inside the cathode to avoid 

the diffusion of the polyselenies is an efficient method to deal with these problems. In this respect, 

porous conductive carbon frameworks are promising Se host materials. Carbon materials possess 

high conductivity, which is beneficial for the transfer of electrons. In addition, various pores size 

and distribution can be easily designed and introduced. Most importantly, the carbon source is 

easily obtained at low price. 

In our work, inspired by the natural organism whose pore sizes decrease across multiple scales 

and finally terminate in size-invariant units, the hierarchically micro-meso-macroporous carbon 

host materials were designed. The micropores provide abundant reaction sites and interconnected 

meso-macroporous pathways accelerate the mass transfer of the system, which will work well in 

the field of Li-Se battery. The difficulty is how to choose the size of these three scale pores and 

how to combine them efficiently. With the help of the templating method, SiO2 and PS (Polystyrene 
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Spheres) worked as mesopores and macroporous templated to enlarge the range of the pores. 

Guided by the generalized Murray’s law, the best pore size distribution will be explored by tuning 

macropore size of synthesized hierarchically porous carbon. 

The unpolar pure carbon host materials have weak interaction with polar polyselenides. In 

order to further increase the strength of the adsorption of polyselenides, heteroatom doping is a 

good choice. Achieving heteroatom doping starts with the selection of precursors. MOF is a kind 

of framework rich in micropores and N atoms. MOF can be easily transformed to N-dopped carbon 

material by the pyrolysis process. Combing the advantages of the optimized micro-meso-

macroporous structure and MOF precursor is expected to further increase the electrochemical 

performance of the battery. 

However, considering the limitation of polar sites by the method of heteroatom doping, direct 

introduction of polar particles into the carbon host system may become a new option. A lot of 

previous work proved that oxides, nitrides, and sulfides not only have strong adsorption to 

polyselenides but also catalyze the reaction of discharge/charge. By achieving more polar sites to 

enhance the adsorption to PSe, amorphous polar particles will be used. Moreover, looking for a 

suitable polar particle with proper strength ensures the adsorption to polyselenides, while not being 

too strong to avoid causing decomposition of polyselenides is a challenge. 

Guided by these strategies, the host materials will be synthesized. The properties of the host 

materials and corresponding Se@C composite cathode will be analyzed by characterization 

methods. Afterwards, the Se@C composite cathodes are fabricated. Se cathodes will be used to 

assemble Li-Se batteries. The electrochemical performance will be evaluated. At last, we hope our 

work could give some guidance for other’s future work. 
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1. Chemicals 

All chemical reagents were of analytical grade and used without further purification. 

1,2-dimethoxyethane (DME, Sigma-Aldrich) 

1,3-dioxolane (DOL, Sigma-Aldrich) 

2-methylimidazole (C4H6N2, Acros Organics) 

Ammonia solution (NH3.H2O, Fisher scientific) 

Ammonium persulfate ((NH4)2S2O8, Sinopharm Chemical Reagent Co., Ltd.) 

Cobalt (II) chloride (CoCl2, Alfa Aesar) 

Carbon nanotubes (CNTs, Nanografi Nano Technoligy) 

Ethanol (absolute, Fisher Chemical) 

Lithium selenide (Li2Se, Xian function material group Co. Ltd.) 

Methanol (CH3OH, Carl Roth) 

Hydrofluoric acid (HF, Sigma-Aldrich) 

Polyvinyl pyrrolidone (PVP K30, Tokyo Chemical Industry Co. Ltd.) 

Potassium persulfate (K2S2O8, Acros Organics) 

Selenium (Se-100 mesh, Sigma-Aldrich) 

Silica sol (Ludox HS-30 colloidal silica, 12 nm, Sigma-Aldrich) 

Silica sol (Ludox AS-40 colloidal silica, 22 nm, Alfa Aesar) 

Sodium hydroxide (NaOH, Carl Roth) 

Sodium laurylsulfonate (C12H25NaO3S, Sigma-Aldrich) 

Styrene (C8H8, Aladdin Industrial Corporation) 

Sucrose (C6H12O6, Sigma-Aldrich) 

Sulfuric acid (H2SO4, Sigma-Aldrich) 
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Tin (IV) chloride (SnCl4, Sigma-Aldrich) 

Trisodium citrate dihydrate (C6H5Na3O7·2H2O, Roth) 

Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O, Sigma-Aldrich) 

2. Characterization 

The main experimental equipment and instruments that were used in the thesis are listed below: 

Instruments Model 

X-ray diffraction (XRD) PANalytical X’pert Pro 

In-situ XRD STOE STADI MP 

Raman DXR, Thermo Fisher Scientific 

Inc. 

X-ray photoelectron spectroscopy (XPS) Thermo Scientific K-Alpha XPS 

Scanning electron microscopy (SEM) JSM-7500F 

Transmission electron microscopy (TEM) Tecnai 10 

Energy-dispersive X-ray spectroscopy (EDX/EDS) JSM-7500F 

High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM), high-resolution 

transmission electron microscopy (HRTEM), and 

selected-area diffraction (SAED) 

Talos F200s 

Brunauer-Emmett-Teller (BET) surface area analysis ASAP 2420 apparatus 

Thermogravimetric analysis (TGA) Mettler Toledo TGA/DSC3+ 

UV–visible Spectrophotometry (UV-Vis) Perkin Elmer 750s UV/Vis/NIR 

spectrophotometer 

Cell assembly, Ar-filled glove box Vigor-SG1200/750TS 

Cyclic voltammetry (CV) LK 2005A electrochemical 

workstation 
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electrochemical impedance spectroscopy (EIS) LK 2005A electrochemical 

workstation 

Galvanostatic intermittent titration technique (GITT) Land CT2001A multi-channel 

battery testing system 

Galvanostatic charge and discharge experiments Land CT2001A multi-channel 

battery testing system 

 

2.1 Materials characterization 

2.1.1 Power X-ray diffraction (PXRD) and in-situ XRD 

XRD is a rapid analytical technique primarily used for phase identification of a crystalline material. 

The technique used to reveal structural information, such as chemical composition, crystal structure, 

crystallite size, strain, preferred orientation and layer thickness. The Li-Se battery assemble for in-

situ XRD is shown in Fig.1[1], and the beryllium (Be) window is used due to its good X-ray 

penetration. 

 

Fig.1 Schematic diagram of typical setup for in-situ XRD of batteries in reflection mode. 
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2.1.2 Scanning electron microscope (SEM) 

SEM is a type of electron microscope that produces images of a sample by scanning the surface 

with a focused beam of electrons. In the most common SEM mode, secondary electrons emitted 

by atoms excited by the electron beam are detected using a secondary electron detector (Everhart–

Thornley detector). The specimen topography can be reflected by the number of secondary 

electrons that can be detected and the signal intensity. 

2.1.3 Energy-dispersive X-ray spectroscopy (EDX/EDS) 

EDX/EDS is an analytical technique used for the elemental analysis or chemical characterization 

of a sample. It relies on an interaction of some source of X-ray and a sample. Its characterization 

capabilities are due in large part to the fundamental principle that each element has a unique atomic 

structure allowing a unique set of peaks on its electromagnetic emission spectrum. 

2.1.4 Transmission electron microscopy (TEM) 

TEM is a microscopy technique in which a beam of electrons is transmitted through a specimen to 

form an image. The specimen is most often an ultrathin section less than 100 nm thick or a 

suspension on a grid. An image is formed from the interaction of the electrons with the sample as 

the beam is transmitted through the specimen. The image is then magnified and focused onto an 

imaging device. 

2.1.5 High-resolution transmission electron microscopy (HRTEM) 

HRTEM is an imaging mode of specialized transmission electron microscopes that allows for direct 

imaging of the atomic structure of samples. It is a powerful tool to study properties of materials on 

the atomic scale. 

2.1.6 Thermogravimetric analysis (TGA) 

TGA is a method of thermal analysis in which the mass of a sample is measured over time as the 

temperature changes. This measurement provides information about physical phenomena, such as 

phase transitions, absorption, adsorption and desorption; as well as chemical phenomena including 

chemisorptions, thermal decomposition, and solid-gas reactions. 

2.1.7 Brunauer-Emmett-Teller (BET) surface area analysis 
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BET theory aims to explain the physical adsorption of gas molecules on a solid surface and serves 

as the basis for an important analysis technique for the measurement of the specific surface area of 

solid or porous materials. 

2.1.8 X-ray photoelectron spectroscopy (XPS) 

XPS is a surface-sensitive quantitative spectroscopic technique based on the photoelectric effect 

that can identify the elements within a material (elemental composition) or on its surface, as well 

as their chemical state, and the overall electronic structure and density of the electronic states in 

the material. 

2.1.9 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique typically used to determine vibrational modes of 

molecules. Rotational and other low-frequency modes of systems may also be observed. Raman 

spectroscopy is commonly used in chemistry to provide a structural fingerprint by which molecules 

can be identified. 

2.1.10 UV–visible Spectrophotometry (UV-Vis) 

The UV–Vis refers to absorption spectroscopy or reflectance spectroscopy in part of the ultraviolet 

and the full, adjacent visible regions of the electromagnetic spectrum. UV/Vis spectroscopy is 

routinely used in analytical chemistry for the quantitative determination of diverse analytes or 

sample, such as transition metal ions, highly conjugated organic compounds, and biological 

macromolecules. 

2.2 Electrochemical measurements 

All the electrochemical measurements were carried out at room temperature. 

2.2.1 Battery assembly 

Because of the high sensitivity of the lithium, electrolyte and intermediate of polyselenides to O2 

and H2O in atmosphere, Li-Se battery should be assembled in the glove box full of argon with less 

than 1 ppm of H2O and O2 inside. 

2.2.2 Cyclic voltammetry (CV) 

CV is an electrochemical technique which measures the current that develops in an electrochemical 

cell under conditions where voltage is in excess of that predicted by the Nernst equation. CV is 
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performed by cycling the potential of a working electrode (Fig. 2)[2], and measuring the resulting 

current. CV is generally used to study the electrochemical properties of an analyte in solution or of 

a molecule that is adsorbed onto the electrode. 

 

Fig. 2 Typical excitation signal for cyclic voltammetry with a triangular potential waveform. 

 

2.2.3 Electrochemical impedance spectroscopy (EIS) 

EIS is a highly sensitive characterization technique used to establish the electrical response of 

chemical systems in a nondestructive manner. EIS systems characterize the time response of 

chemical systems using low amplitude alternating current (AC) voltages over a range of 

frequencies. Quantitative measurements are produced by the EIS and enable the evaluation of small 

scale chemical mechanisms at the electrode interface and within the electrolytic solution. EIS is 

useful in determining a wide range of dielectric and electrical properties of components in research 

fields studying batteries, corrosion, etc. 

2.2.4 Galvanostatic intermittent titration technique (GITT) 

GITT, a variant of the Electrochemical Energy experiment, is used to determine the chemical 

diffusion coefficient, as well as thermodynamic information for the active material in the positive 

electrode. 
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Fig. 3 The program and tested curves of Galvanostatic intermittent titration technique (GITT). 

 

2.2.5 Galvanostatic discharge/charge performance. 

In this thesis, the galvanostatic discharge/charge performance includes cycle performance and high 

rate performance of Li-Se battery. It is used to evaluate the property of the battery. For my Li-Se 

battery, the voltage range is 1.75-2.6 V and the current value setting is 0.2 C (e.g. 0.2×678 

mA/g×weight of active Se). The program is shown below: 
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Fig. 4 The program and tested curves of Galvanostatic discharge/charge measurement. 
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Abstract 

Developing host materials with high specific surface area, good electron conductivity, and fast ion 

transportation channel is critical for high performance lithium-selenium (Li-Se) batteries. Herein, 

a series of three dimensional ordered hierarchically porous carbon (3D OHPC) materials with 

micro/meso/macropores are designed and synthesized for Li-Se battery. The porous structure is 

tuned by following the concept of the generalized Murray’s law to facilitate the mass diffusion and 

reduce ion transport resistance. The optimized 3D Se/OHPC cathode exhibits a very high 2nd 

discharge capacity of 651 mA h g-1 and retains 361 mA h g-1 after 200 cycles at 0.2 C. Even at a 

high current rate of 5 C, the battery still shows a discharge capacity as high as 155 mA h g-1. The 

improved electrochemical performance is attributed to the synergy effect of the interconnected and 

well-designed micro, meso and macroporosity while shortened ions diffusion pathways of such 

Murray materials accelerate its ionic and electronic conductivities leading to the enhanced 

electrochemical reaction. The diffusivity coefficient in Se/OHPC can reach a very high value of 

1.3 × 10−11 cm2 s-1, much higher than those in single pore size carbon hosts. Their effective volume 

expansion accommodation capability and reduced dissolution of polyselenides ensure the high 

stability of the battery. This work, for the first time, established the clear relationship between 

textural properties of cathode materials and their performance and demonstrates that the concept 

of the generalized Murray’s law can be used as efficient guidance for the rational design and 

synthesis of advanced hierarchically porous materials and the great potential of 3D OHPC materials 

as a practical high performance cathode material for Li-Se batteries. 

Keywords 

3D ordered hierarchically porous carbon (OHPC), Shuttle effect, Cyclability, High rate capability, 

The generalized Murray’s law, Li-Se batteries 
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1. Introduction 

In the past decades, batteries with high capacity and safety have gained considerable attention 

for their use in portable electronic devices and emerging electric vehicles[1, 2]. The Li-S battery with 

high theoretical gravimetric capacity (1675 mA h g-1) and volumetric capacity (3467 mA h cm-3) 

has been widely recognized as one of the ideal candidates for the next generation of Li batteries[3-

5]. However, its electrochemical performance is limited by the low conductivity of sulfur and the 

shuttle phenomenon of polysulfides, as well as the volume expansion caused by the low density of 

the Li2S products[6-8]. 

Selenium (Se), as analogs of sulfur (S), shows a comparable volumetric capacity of 3253 mA 

h cm-3 and a theoretical gravimetric capacity of 675 mA h g-1[9]. Most importantly, Se (1 × 10−3 S 

m-1) has a much higher electrical conductivity than S (5 × 10−28 S m-1), which is quite beneficial 

for the transportation of electrons and accelerates the discharge/charge reaction. This makes it a 

strong alternative to S in Li battery[10-12]. However, similar to S, Se cathodes face the problems of 

shuttle effect and volume expansion, resulting in fast capacity fading, low coulombic efficiency 

and the unsatisfactory cycling stability[13-16]. 

Considerable efforts have been carried out to solve the problems of shuttle effect and the 

disintegration of Se cathode, mainly focusing on Se dispersion and suppression of shuttle 

phenomenon of polyselenides. For instance, Fan et al.[17] and Kundu et al.[18] synthesized Se 

nanofibers and hollow Se nanospheres, respectively, to relieve volume expansion and increase the 

Se reaction sites. Li et al.[19] used ordered mesoporous carbon (CMK-3) framework and Zhao et 

al.[20] synthesized N, O-doped hierarchically porous carbon as the host material to improve the Se 

loading and enhance the adsorption of the polyselenides. Li et al.[21] decorated CNT-layer on the 

surface of separator and Gu et al.[22] inserted ultra-lightweight N, S-codoped graphene blocking 

layer to prevent the transportation of polyselenides between Se cathode and separator. All the 

studies show that the most simple and efficient way is confining Se in a conductive porous 

framework[23-26]. Pores with different size ranges at different length scale levels possess different 

functions. Micropores provide active Se loading sites, active reaction centers and confined space 

to inhibit the dissolution of polyselenides[27, 28]. In addition to loading selenium, mesopores also 

offer fast ion channels between host and guest that facilitate ion diffusion into micropores[29]. 

Macropores can considerably improve the diffusion and accessibility of guest ions to the active 
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sites and offer the volume expansion accommodation capability[30]. Hierarchically 

micro/meso/macroporous materials spanning three scale levels can overlap the advantages 

provided by all three levels of pores, making them well suited for Li-Se battery[31-34]. It is well 

known that for hierarchically porous materials, the pore size distribution and their matching is a 

very important parameter to achieve high electrochemical performance[35]. It affects the specific 

surface area as well as the efficiency of ion and electron transport and therefore ultimately 

determines the electrochemical performance of the material[36]. However, how to combine these 

advantages in one material and what is the best combination of pore sizes at different length scales 

to maximize the benefits of the hierarchical structure still remain great challenging. 

Most recently, it was found that the ZnO Murray material designed by following the 

generalized Murray’s law facilitates mass exchange and transfer in liquid–solid, gas–solid and 

electrochemical reactions and performs enhanced properties in photocatalysis, gas sensing, and Li-

ion battery electrodes[33-35]. In fact, to achieve transfer and exchange of substance with extremely 

high efficiency and minimum energy consumption and transport resistance, evolution has endowed 

many classes of organisms with hierarchically porous networks established following the 

generalized Murray’s law in which the pore sizes regularly decrease across multiple length scales 

and finally terminate in size-invariant units. Such hierarchically porous systems can offer 

organisms self-healing and many other complex functions to adapt external environments. This 

suggests that the generalized Murray’s law can be used as guiding principle to rationally design 

hierarchically porous carbon host for fast transportation of electrolyte and ions. Such system can 

be expected to avoid the shuttle effect and volume expansion to realize high-performance Li-Se 

battery. 

Here, we optimize the macropore diameter of the hierarchically porous carbon structure 

following the concept of the generalized Murray’s law for high performance Li-Se battery. A series 

of three dimensional ordered hierarchically porous carbon (3D OHPC) framework materials with 

tunable size of macropores which are interconnected with meso and micropores are synthesized by 

dual-templating method by adjusting the 3D ordered macropores inside the OHPC. The diffusion 

of Se into the micropores can be facilitated and the infiltration of the liquid electrolyte can be 

accelerated to enhance the ionic conductivity and the contact of electrolyte with the surface of host 

materials. Meanwhile, the interconnected walls of the whole 3D OHPC framework provide 

pathways for quick electron transportation. In particular, a large number of micropores provide 
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sufficient space for Se loading and a large number of reaction sites for the active Se species as well 

as the physical confinement for polyselenides. This work suggests that rational design by following 

the concept of the generalized Murray’s law can lead to the synthesis of high performance 

hierarchically porous host for advanced Li-Se batteries. 

2. Experimental 

2.1. Preparation of 3D OHPC 

All chemical reagents were of analytical grade and used without further purification. OHPC 

materials were prepared as follows: Firstly, uniform polystyrene (PS) spheres with a tunable 

diameter (50, 100, 150, 200, 400 and 600 nm) were synthesized as soft templates by emulsion 

polymerization method[36, 37]. The detailed preparation process of PS spheres is described in the 

supporting information and Fig. 1. Then silica sol (Ludox AS-40 colloidal silica, 22 nm, Alfa Aesar) 

was added to the synthesized polystyrene suspension as mesopores templates and the resulting 

solution was stirred for 1 h. Sucrose (Sigma-Aldrich) as a carbon source was then dissolved in the 

suspension (step 1). After stirring for 10 min, sulfuric acid (Sigma-Aldrich) was added dropwise 

under stirring. The as-prepared suspension was subsequently moved to oven and dried at 60 °C 

overnight, then kept at 110 °C for 6 h and 160 °C for another 6 h. The mixture was calcined at 

700 °C for 4 h under argon atmosphere with a heating rate of 2 °C min-1 (step 2). After cooling 

down to room temperature, the obtained black powder was firstly etched with hydrofluoric acid 

(Sigma-Aldrich) to remove silica particles then washed using deionized water until a pH value of 

7 was reached (step 3). Finally, the sample was dried at 60 °C overnight to obtain the powder with 

designed structure. 

In order to improve the proportion of micropores, the obtained powder was uniformly mixed 

with KOH (Sigma-Aldrich) at a weight ratio of 1:2 in an appropriate amount of deionized water. 

The dried mixture was then activated in a corundum boat under argon atmosphere at 800 °C for 1 

h with a heating rate of 2 °C min-1. The mechanism of the KOH activation is shown in supporting 

information. After cooling down to room temperature, the product was washed with hydrochloric 

acid (Fisher Scientific) and deionized water to eliminate unreacted KOH until the filtered solution 

reaches neutrality. Then, the OHPC materials with interconnected micro-meso-macropores and 

variable macropore sizes were obtained after drying overnight at 60 °C (step 4). For the initial 

reaction mixture, the mass composition of PS, SiO2, C12H22O11 and H2SO4 was 100:15:15:1.5. 
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Fig. 1. Schematic illustration of the formation of 3D OHPC. 

As reference, carbon materials containing solely microporosity (C-micro), mesoporosity (C-meso) 

and macroporosity (C-macro) were also prepared using the same process as OHPC, except for the 

C-micro whose synthesis did not use any template, while the C-meso used only SiO2 template, and 
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the C-macro used only PS template size of 100 nm. C-meso and C-macro samples skip the 

activation process to avoid the generation of micropores and thereby obtained C-meso and C-macro 

contain either mesopores or macropores. The detailed chemical compositions and the template 

diameter of different carbon host materials are shown in Table S2. 

2.2. Synthesis of Se/OHPC composites 

The Se/OHPC composites were fabricated by the melting-diffusion method. The as-prepared 

OHPC was mixed with Se powder (Sigma-Aldrich) by mortar grinding in a weight ratio of 1:2. 

Subsequently, the mixture was moved to a tubular furnace and heated at 260 °C for 20 h with a 

heating rate of 2 °C min-1 under argon atmosphere. Then, the temperature was further increased to 

300 °C and maintained for another 2 h in order to remove the residual Se on the surface of carbon 

host materials. After cooling to room temperature, the Se/OHPC composites were obtained (step 

5). The reference composites were prepared with the same process and named Se/C-micro, Se/C-

meso, and Se/C-macro, respectively. 

2.3. Materials characterization 

The morphology of carbon host materials and Se/C composites was studied using a field 

emission scanning electron microscopy (FESEM, JSM-7500F), and microstructure was analyzed 

by transmission electron microscopy (TEM, Tecnai 10) and high-resolution transmission electron 

microscopy (HRTEM, Talos F200s). Elemental analysis of the samples was made by energy-

dispersive X-ray spectroscopy (EDX). The crystalline phase of the materials was investigated by 

X-ray diffraction (XRD, PANalytical X’pert Pro) with Cu Kα radiation (λ = 1.5418 Å, 45 kV, 30 

mA) between 5° and 90°. The Raman spectra were collected using a Raman microscope (DXR, 

Thermo Fisher Scientific Inc., USA) with a laser wavelength of 532 nm at room temperature. The 

Se contents of the Se/C composites were detected by thermogravimetric analysis (TGA, SDT Q600) 

measurements, where the temperature rose from 25 to 800 °C at a heating rate of 2 °C min-1 under 

nitrogen atmosphere. The Brunauer-Emmett-Teller (BET) surface area and pore size and volume 

were analyzed by N2 physisorption using ASAP 2420 apparatus (Micromeritics Instrument Corp., 

USA) at 77 K. Mesopores and micropores of carbon hosts and corresponding Se/C composites 

were estimated by the analysis methods of Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe 

(H-K), respectively. X-ray photoelectron spectroscopy (XPS) analysis was performed using an 

AXIS ULTRA DLD (Kratos Analytical Ltd., UK) with a monochromatic Al Kα X-ray source. 
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Typically, the hydrocarbon C 1s line at 284.6 eV from adventitious carbon is used for energy 

reference. 

2.4. Electrochemical measurements 

Electrochemical measurements were carried out using CR2032 coin-type cells at room 

temperature. The Se cathode was prepared by a slurry coating procedure. First, the Se/C composite, 

carbon black (Super P, Timcal) and water-soluble binder sodium alginate (SA, Sigma-Aldrich) 

were mixed at a respective weight ratio of 8:1:1. The resulting slurry was coated on current 

collector aluminum foil and dried in a vacuum oven at 60 °C overnight. Then the coated aluminum 

foil was cut into discs with a diameter of 14 mm. The mass loading of Se on the electrodes is in the 

range of 1.5–2 mg cm-2. Coin cells were assembled in an argon-filled glove box (Vigor-

SG1200/750TS, LTD, Suzhou), the oxygen and water contents were less than 1 ppm, in which 

lithium foil as the counter electrode, GF/D borosilicate glass fiber as separator, and commercial 

1.0 M LiTFSI in DME/DOL (1:1, v/v by volume) with 1.0% LiNO3 as electrolyte. Galvanostatic 

cycling tests were conducted on a Land CT2001A multi-channel battery testing system in the 

voltage range of 1.75–2.6 V (vs. Li+/Li) at different current rates. Galvanostatic intermittent 

titration techniques (GITT) were carried out in the same equipment, first performing a discharge 

for 10 min, then maintaining the interruption for 40 min, continuing the process until the voltage 

dropped to 1.75 V. Afterwards, the battery was charged with the same process till the voltage 

reached 2.6 V. Cyclic voltammetry (CV) tests were performed on an LK 2005A electrochemical 

workstation at 0.1 mV s-1 in the voltage range of 1.75–2.6 V. The electrochemical impedance 

spectroscopy (EIS) was carried out in LK 2005A electrochemical workstation also, in the frequency 

range of 100 kHz to 0.01 Hz with an AC voltage amplitude of 5 mV. All the electrochemical 

measurements were carried out at room temperature. After 200 cycles of discharge/charge 

measurements, the selenium cathode electrodes were disassembled and washed by dimethyl 

carbonate in an argon-filled glove box, the obtained Se/C materials were analyzed by SEM and 

XPS. 

3. Results and discussion 

3.1.Structural analysis 

The schematic synthesis procedure of the 3D OHPC materials is illustrated in Fig. 1. The 

precursor with sucrose and silica sol (hard templates, 22 nm) was introduced into the interstitial 
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space of opaline structure composed of PS spheres with different sizes ranging from 50 to 600 nm 

to get OHPC materials with different macropore size (step 1). The micropores are generated by a 

post treatment using KOH (step 4). SEM image of the opaline structure of highly ordered 

arrangement of PS spheres as templates with a diameter of 150 nm as representative sample is 

shown in Fig. S1. After calcination (step 2), etching (step 3) and activation treatment (step 4), the 

OHPC host materials were obtained and presented an inverse opal structure. The obtained 3D 

hierarchically porous structure contains interconnected micro-meso-macro porosity at different 

length scales. Following the concept of generalized Murray’s law, the macropore size was adjusted 

by changing the size of PS spheres to find the best combination of micro-meso-macropore size to 

achieve the optimal diffusion of substances. The Se/OHPC composites were obtained after infusion 

of Se into the pores of OHPC via a typical melting-diffusion process (step 5). 

The morphology and structure of the as-prepared materials were studied by SEM and TEM, 

respectively. Fig. 2(a) shows a large-scale SEM image of OHPC-150 as the representative sample, 

where the ordered “air spheres” and interconnected walls form the 3D inverse opal porous structure. 

Fig. 2(b) shows a typical inverse opal structure unit. The unit includes macropores with a diameter 

of 150 nm (created by the removal of PS template), arranged in a close-packed structure. Also, 

“windows” (green line) with a diameter of 60–80 nm are observed in OHPC. Abundant mesopores 

with the pore size of ∼18 nm are observed in the interconnected walls as revealed in TEM image 

of OHPC-150 in Fig. 2(c), consistent with the size of SiO2 colloidal spheres. Fig. 2(d) demonstrates 

the HRTEM image of OHPC-150, clearly showing the abundant micropores and some graphene-

like few layers. The dispersed diffraction rings in the selected area electron diffraction (SAED) 

pattern reveal the amorphous nature of the carbon host material. Naturally, the interconnected 3D 

ordered porous structure with micro-, meso-, and macropores provides high specific area and 

abundant active sites. The SEM and TEM images of C-micro, C-meso, C-macro, and a series of 

OHPCs are also provided in Figs. S2 and S3, respectively. All OHPC materials (OHPC-50, -100, 

-150, -200, -400 and -600) exhibit the 3D highly ordered porous structure although the thickness 

of the interconnected wall, pore size of macroporous “air spheres” and “windows” increase when 

the diameter of PS spheres varies from 50 to 600 nm. The size of the mesopores remains constant 

as the size of colloidal SiO2 used is the same for the synthesis of all these samples. C-micro in Figs. 

S2(a–c) and S3(a–c) shows a smooth surface, because without using any template all the pores  
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Fig. 2. (a and b) SEM and (c) TEM images of OHPC-150 at different magnifications, (d) HRTEM image 

and corresponding SAED pattern (inset) of OHPC-150, (e) TEM image of Se/OHPC-150, (f) HRTEM 

image and corresponding SAED pattern (inset) of Se/OHPC-150, (g) TEM image of Se/OHPC-150, (h) 

HAADF-STEM image of the area indicated by the yellow box and (i and j) corresponding STEM-EDX 

elemental maps: C (red), Se (blue). 

inside the material are micropores. C-meso in Figs. S2(d–f) and S3(d–f) has a relatively rough 

surface because there are quantity of mesopores after etching SiO2. In images of C-macro (Figs. 

S2g–i and S3g–i), the macropores have highly ordered arrangement, compared with OHPC-100, 

C-macro displays a thick and tightness interconnected wall due to the lack of micropores and 

mesopores. Thus, C-micro, C-meso and C-macro samples contain solely micropores, mesopores 

and macropores, respectively. Ordered OHPC-50, -100, -150, -200, -400, -600 possess micropores 

and mesopores in addition to macropores whose size increases as the size of PS spheres increases. 

The Se/OHPC-150 composite as the representative sample in Fig. 2(e) shows an identical 

inverse opal structure to that of pure OHPC-150, indicating that the introduction of Se did not 
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induce structural damage. The HRTEM image of Se/OHPC-150 in Fig. 2(f) shows a more 

disordered carbon phase and a darker colour than pure OHPC-150 (Fig. 2d), reflecting the 

encapsulation of Se into the pores of OHPC-150. The inserted SAED pattern proves that the Se is 

in amorphous state. In contrast, a large number of Se particles with a diameter of 20–30 nm appear 

on the surface of the Se/C-micro (Fig. S4), indicating that Se remains in clusters and the 

microporous character of C-micro is unfavorable for a good diffusion and dispersion of Se. The Se 

state in Se/C-meso and Se/C-macro will be discussed later by the measurements of XRD and 

Raman. To analyze the amorphous Se distribution in OHPC host materials, Se/OHPC-150 as a 

representative sample is characterized by STEM-EDX elemental mapping. TEM (Fig. 2g) and 

HAADF-STEM (Fig. 2h) images confirm well organized OHPC structure after inclusion of Se and 

corresponding STEM-EDX elemental mapping results (Fig. 2i and j) of Se/OHPC-150 indicate the 

uniform distribution of Se in OHPC host[38, 39]. Thus, benefiting from the hierarchical pores 

designed by following the concept of the generalized Murray’s law, Se obtains sufficient loading 

space and small diffusion barriers to be uniformly distributed in the OHPC host material in an 

amorphous state. 

XRD patterns of as-synthesized samples were shown in Fig. 3(a) and Fig. S5(a). Two broad 

peaks at ∼23 and ∼43.5° are observed in the XRD pattern of carbon host materials (C-micro, C-

meso, C-macro and OHPC), indicating their amorphous nature[40]. Pure Se powder gives strong 

diffraction peaks belonging to trigonal crystalline phase of selenium [PDF#06-0362]. For Se/C-

micro, the peaks belonging to crystalline Se are present with high intensity, reflecting that Se is in 

trigonal crystalline phase. This result is in good agreement with the SEM observation of Se particles 

deposited on the surface and diffraction rings appearing in SAED pattern. The micropore size is 

too small to allow the diffusion of Se. The high intensity of Se peaks in Se/C-macro demonstrates 

that Se also at least partly presents in form of crystals due to the sole presence of macropores 

leading to a low surface area and the large pore size for the formation of large particles of Se. 

However, when Se is introduced to OHPC-100, those characteristic diffraction peaks of crystalline 

Se completely disappear. The absence of characteristic crystalline Se peaks confirms that benefited 

from the hierarchically porous structure, Se has already transformed from the crystalline to 

amorphous state and well infiltrated into the pores of OHPC-100 during the melting diffusion 

process[41]. The result is consistent well with SAED pattern. The presence of interconnected  
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Fig. 3. (a) XRD patterns and (b) XPS spectra survey scan of pristine Se, C-micro, C-meso, C-macro, OHPC-

100 and corresponding Se/C composites, (c) Se spectra and (d) C spectra of Se/OHPC-100 composite. 

macropores, mesopores and micropores facilitates the dispersion of Se in mesopores and 

micropores. The XRD pattern of Se/C-meso shows the same observation as Se/OHPC-100, 

indicating good dispersion of Se in C-meso host material. This result suggests that C-meso has 

enough high surface area and pore size to allow the good dispersion Se in C-meso host material. 

XRD pattern of other Se/OHPC (-50, -150, -200, -400, -600) very similar to that of Se/OHPC-100 

proves that Se also presents in amorphous nature. 

Raman spectroscopy was used to further investigate the structure of Se phase. As shown in 

Fig. S5(b and c), pristine Se powder exhibits pronounced peaks at 143, 238, and 460 cm-1, which 

correspond to E0, A1, and 2nd-order modes of trigonal Se composed of helical Se chains, 

respectively[42]. No characteristic peak of Se is observed in the Se/OHPC and Se/C-meso 
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composites, which further proves that Se exists in a highly dispersed amorphous state in the pores 

of OHPC and C-meso, being consistent with XRD results. In contrast, Se/C-micro and Se/C-macro 

show a strong peak of Se, suggesting that at least part of Se is in the crystal state. Besides, there 

are two apparent peaks at ∼1330 and ∼1590 cm-1 in the spectra, assigned to the D- and G-bands of 

carbon, respectively[43, 44]. The D-bands are related to the defected disordered carbon and the G-

bands are originated from the typical graphitic sp2 hybrid carbon atoms[45, 46]. The graphitization 

degree of the carbon material can be evaluated by the intensity ratio of ID to IG, the smaller of the 

value, the higher of the graphitization degree[47]. The intensity ratio ID/IG of all carbon host 

materials range of 0.97–1.2, indicate a considerable amount of local graphitization in carbon host 

materials, being beneficial for the conductivity of the materials. 

Surface chemical composition and valence states of all the as-prepared carbon host materials 

and Se/C composites were investigated by XPS measurements. The survey spectra are shown in 

Fig. 3(b) and Fig. S5(d). The peaks corresponding to elemental selenium are observed in Se/C-

micro, Se/C-meso, Se/C-macro and Se/OHPC composites. This again confirms the incorporation 

of Se in carbon host materials. Fig. 3(c) shows the high-resolution spectrum of Se 3d of Se/OHPC-

100 composite as representative sample and its fitting results. The two peaks at around 56.24 and 

55.37 eV are assigned to the 3d3/2 and 3d5/2 electrons of elemental Se. The broad peak at around 58 

eV is attributed to Se–O bonds[48]. Simultaneously, C 1s spectrum of the Se/OHPC-100 in Fig. 3(d) 

displays the coexistence of C–O–C, O=C–O and C–C at 286.2, 288.3 and 284.6 eV, respectively[49]. 

These results indicate that the vast majority of elements of Se and C are in the ground state, and a 

very small part of these elements inevitably react with or adsorb oxygen during the synthesis 

process and form valence bonds with oxygen. 

The isotherms and the pore size distributions of the C-micro, C-meso, C-macro and all the 

OHPC carbon host materials and corresponding Se/C composites are given in Fig. 4(a and b), 

respectively. For a better comparation, the isotherms and the pore size distributions of C-micro, C-

meso, C-macro and OHPC-100 as the representative sample of OHPC, are depicted in Fig. 4(c and 

d), respectively. It is clearly seen that C-micro sample gives a type Ⅰ isotherm (black curve of Fig. 

4c), characteristic of microporous materials[50]. The pore size distribution gives a peak centered at 

0.5 nm (black curve of Fig. 4d), indicating the microporous character of C-micro host. C-meso 

sample shows a type Ⅳ isotherm (blue curve of Fig. 4c), characteristics of mesoporous materials. 

The pore size distribution gives only one peak centered at 18 nm and evidences its mesoporous 
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character (blue curve of Fig. 4d). C-macro sample gives a type Ⅱ isotherm (sky blue curve of Fig. 

4c), characteristics of macroporous materials[51]. A relative broad pore size distribution over 50 nm 

(sky blue curve of Fig. 4d) is observed, indicating that C-macro sample contains only macropores. 

All the OHPC samples show type Ⅳ isotherm (violet curve of Fig. 4c) with two hysteresis in the 

range of p/p0 = 0.4–0.9 and p/p0 > 0.9, indicating clearly the presence of mesopores and macropores 

in the OHPC samples, respectively[52]. The analysis by H-K method also shows the existence of 

microporosity at 0.5 nm (Fig. S6). The mesopores and macropores of OHPC-100 situated at 15 and 

85 nm (violet curve of Fig. 4d), respectively. These results clearly indicate that the hierarchically 

porous carbon OHPC host materials with micro, meso and macroporosity and tunable macropore 

size following the concept of generalized Murray’s law are successfully synthesized. The 

information about pore size of all the carbon host materials is listed in Table S3. The surface area 

and porous volume of all the carbon host materials are also given in Table S3. It is clearly seen that 

C-macro material has the lowest surface area and C-micro possesses a good surface area but very 

low porous volume. Both C-macro and C-micro carbon host materials are not favorable for the  

 

Fig. 4. (a and c) N2 adsorption-desorption isotherms of all the carbon host and Se/C composites, (b and d) 

corresponding pore size distribution, (e) TGA curves of various Se/C composites. 
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inclusion of Se. All the OHPC materials and C-meso give a very high surface area and porous 

volume, favorable for high Se loading. It is worth noting that increasing PS spheres size, i.e., 

macropore size of the OHPC carbon host materials, the surface area increases from 1363 m2 g-1 for 

OHPC-50 to 1391 m2 g-1 for OHPC-100 and then gradually decreases to 1137 m2 g-1 for OHPC-

600. After Se loading, all the isotherms except for C-micro sample became type Ⅱ (Fig. 4a) and the 

surface area and porous volume sharply decrease (Table S4), showing the very successful 

dispersion of Se inside of pore structure of carbon host materials. 

The weight percentage of Se in the Se/C composites was determined by TGA. The results are 

shown in Fig. 4(e). From the TGA curves, a very slight initial weight loss of around 1.5% below 

150 °C is observed for all the samples, which can be attributed to the evaporation of adsorbed water 

and moisture[53]. The sharp weight loss observed in Se/C composites between 300 and 500 °C is 

attributed to the evaporation of loaded Se[54]. The evaporation temperature of Se/C composites is 

related to the force of physical adsorption of the Se in pores[55]. Thus, it is very interesting to 

observe that Se/C-micro gives two evident weight losses, one in the zone of 360–430 °C and 

another in the zone of 430–557 °C. These two weight losses correspond to Se located on the 

external surface (crystalline) and in the micropores of C-micro host (amorphous), respectively. The 

turning point (where the evaporation rate of selenium changes) of C-macro appears at the 

temperature of ∼440 °C. Because of the amorphous Se and very good dispersion of Se in Se/C-

meso and Se/OHPC, no turning points appear. With increasing macropore size from 50 to 600 nm, 

the start and end temperature of Se evaporation tend to decrease and achieve the highest start/end 

temperature with Se/OHPC-100 at 385 and 528 °C for its enhanced physical adsorption. Afterwards, 

the composite is stable at temperatures up to ∼500 °C. The Se loading of the Se/OHPC and Se/C-

meso composites quantitatively calculated at ∼65 wt%. The high Se content is due to the large 

specific surface area and pore volume of OHPCs. The mass proportions of Se in Se/C-micro 

composite is also ∼65 wt%. Because of blocking of Se diffusion, partial Se is located on the 

external surface of carbon materials in Se/C-micro and still remained in crystalline state. The Se 

loading in Se/C-macro is around 65% while a large part of Se is present in form of crystalline 

clusters in macropores. All the results obtained from SEM, TEM, XRD, XPS, Raman, TGA and 

N2 adsorption-desorption are in excellent agreement. The same mass percentages of Se in all the 

Se/C composites provide a good reference for comparing the performances of batteries using these 

different cathode materials. 



Chapter Ⅳ 

134 

 

3.2. Electrochemical properties 

The CV measurements were conducted to investigate the reaction process of the Se/C 

cathodes. Fig. 5(a) shows the CV curves of Se/OHPC-100 as representative samples of Se/OHPC 

composites for the initial ten cycles in ether-based electrolyte between 1.75 and 2.6 V vs. Li+/Li at 

a scan rate of 0.1 mV s-1. The curves clearly show two pairs of reversible redox peaks, indicating 

the occurrence of two-phase transformation reactions during the electrochemical process. The well-

defined cathodic peaks in the initial cycle center at 2.13 and 1.94 V, indicating that the reduction 

of elemental Se to soluble long-chain polyselenides Li2Sen (n ≥ 4), and then further reduction to 

Li2Se in the following process[56]. In the delithiation process, two anodic peaks at 2.19 and 2.25 V 

correspond to the oxidation of Li2Se to Se with the formation of the intermediate Li2Sen
[57] In the 

following cycles of lithiation process, the peak at 2.13 V very slightly shifts to 2.14 V and finally 

stabilizes at 2.22 V. This shift is possibly due to the formation of SEI layer between cathode and 

electrolyte as well as the Se activation process in the first few cycles[14, 29]. In the subsequent scans, 

all the curves overlap well with each other, demonstrating very good reversibility. The 

galvanostatic discharge/charge voltage curves of Se/OHPC-100 cathode from the 1st to the 200th 

cycle in the potential range of 1.75–2.6 V at the current density of 0.2 C (1 C = 675 mA g-1) are 

displayed in Fig. 5(b). All the curves show two discharge/charge platforms, and with the increase 

of the cycle number, the changing trend of platforms is consistent well with the peaks of CV results. 

The higher voltage platform in discharge curve corresponds to the reaction of Se to Li2Sen (n ≥ 4). 

The specific capacity gains a rapid increase at the second platform attributed to the conversion of 

Li2Sen to Li2Se. The two platforms of charge curves undergo an inverse reaction with discharge 

process, from Li2Se to Li2Sen and finally back to Se. 

The cycling performance of all the different Se/C composites was conducted at a current 

density of 0.2 C for 200 cycles, as shown in Fig. 5(c). The initial discharge and charge capacity of 

the Se/OHPC-100 composite is 763 and 711 mA h g-1, respectively, which are higher than the 

theoretical capacity (675 mA h g-1) for the reason of the occurrence of solid electrolyte interphase 

(SEI) formation and the irreversible side reaction[14, 58]. It is further proved by the cycle 

performance of pure OHPC-100 as shown in Fig. S7. With the discharge process progressing, the 

electrolyte undergoes a reduction on the surface of carbon host at low voltage to form SEI layer[14]. 

The discharge capacity of the pure OHPC-100 in the first cycle reaches 252 mA h g-1, which 
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Fig. 5. (a) CV curves of Se/OHPC-100 cathode at a scanning rate of 0.1 mV/s in the voltage range of 1.75–

2.6 V vs. Li+/Li. (b) Galvanostatic discharge/charge profiles of the Se/OHPC-100 composite at 0.2 C. (c) 

Cycling performance of Se/C cathodes at 0.2 C with coulombic efficiency of Se/OHPC-100. (d) Rate 

performance of the Se/C cathodes, (e) Nyquist plots of the cells with different Se/C cathode materials, (f) 

GITT curves in the range of 1.75–2.6 V at 0.1 C and calculated D from the GITT data (the inset is the 

magnification of the framed part). 
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sharply decreases to 65 mA h g-1 due to the formed SEI layer separating electrolyte with cathode 

which can avoid further electrolyte reduction and the irreversible side reaction. Then, the reversible 

discharge/charge capacity of pure OHPC-100 stabilizes at ∼35 mA h g-1 after 10 cycles. Afterwards, 

the Se is the main contribution to the battery capacity of Se/OHPC-100. The SEI formation can 

only contribute a little bit to the capacity. The 2nd and 200th cycle discharge capacity of the cathodes 

is shown in Table S4. Se/C-micro has the lowest capacity and stability because most of the 

crystalline Se are located at the external surface of C-micro. The formed polyselenides after 

lithiation can be easily dissolved, leading to the shuttle effect. Se/C-macro has a relatively low 

capacity accompanied by rapid decay, due to the bulk Se state in the low surface area host material. 

The 2nd capacity and cycle stability of Se/C-meso achieve great improvement owing to good 

dispersion of the amorphous Se in mesopores. Compared with the above reference samples, 

Se/OHPC composites exhibit the enhanced cycle performance due to the contribution of different 

pores. With the increase of macropores from 50 to 600 nm, the specific capacity of OHPC tends to 

increase and then decrease, reaching maximum at the size of 100 nm, being in line with the 

variation in the surface area of the samples. Thus, the Se/OHPC-100 cathode with the highest 

surface area delivers the highest 2nd discharge capacity of 651 mA h g-1, with the coulombic 

efficiency of 93%. After 200 cycles, the reversible discharge and charge specific capacity still 

maintain high values of 360 and 361 mA h g-1, respectively, showing the best cycle stability and a 

coulomb efficiency almost up to 100%. The result means that hierarchically ordered porous 

structures have great advantages in improving battery performance and Se/OHPC-100 achieves the 

highest Se utilization and the fastest charge transfer. To better demonstrate the superior ion 

diffusion and electron transport advantages of the OHPC host, the high Se loading cathode (∼5 

mg/cm2) is assembled and the performance is tested at 0.2 C as shown in Fig. S8(a). It displays that 

after 50 cycles the capacity of Se/OHPC-100 maintains at 357 mA h g-1, while the Se/C-meso only 

remains at 58 mA h g-1. This result illustrates the advantages of the structure design that following 

the concept of the generalized Murray’s law for mass transfer. 

The rate capability study used to reflect the discharge/charge rate of the battery was carried 

out from the current of 0.1 to 5 C, and finally come back to the current of 0.1 C. The results are 

shown in Fig. 5(d) and Table S4. With the increase of the discharge/charge current, the capacity of 

battery gets lower for the reason of the limitation of charge transfer and polarization. The rate 

capability of Se/C-micro, Se/C-meso and Se/C-macro is poor due to the limitation of single pore 
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distribution. While Se/OHPC cathodes show improved rate performance benefiting from the three 

levels of interconnected pores and display a trend of “volcano” curve as the size of macropores 

increases. Se/OHPC achieves the best rate capacity at the macropore size of 100 nm. Fig. S8(b) 

presents the discharge/charge voltage profiles of Se/OHPC-100 at different current densities. 

Se/OHPC-100 exhibits 2nd cycle capacity of 620 mA h g-1 at 0.1 C, even at the high rate of 5 C, the 

discharge capacity remains at a very high value of 155 mA h g-1. When the current density is tuned 

back to 0.1 C, the reversible capacity reverses to 404 mA h g-1 with a capacity retention of 65%, 

showing excellent capacity and reversibility. In addition, the battery performance of Se/OHPC-100 

and Se/C-meso cathode as the representatives is also tested at higher current rate of 1 C for 200 

cycles (Fig. S8c). Again, the capacity of Se/OHPC-100 remains at 200 mA h g-1 after 200 cycles, 

which is much higher than the capacity of Se/C-meso (135 mA h g-1). This further confirms the 

talents of the OHPC cathode that following the concept of the generalized Murray’s law for Li-Se 

batteries. 

The battery performance is strongly related to the interfacial charge transfer and diffusion 

coefficient in the cathode materials. Thus, EIS measurements of Se/C cathode cells were performed 

to explore their electrochemical performance. The Nyquist plots of the cells with different Se/C 

cathodes are shown in Fig. 5(e). The plots consist of a semicircle in the high-frequency region 

representing the charge-transfer resistance (Rct) at the electrode-electrolyte interface, and a sloping 

line in the low-frequency region is related to the Warburg diffusion process inside the solid[59]. The 

calculated Rct values of all Se/C cathodes are given in Table S5. Battery with Se/C-micro and Se/C-

macro cathode has large Rct of 49.4 and 34.6 Ω for the bulky Se state and blocked charge transfer 

kinetics. Due to the existence of large quantity of mesopores, the Rct of Se/C-meso is much smaller, 

about 31.1 Ω. Se/OHPC achieves further decreased Rct value attributing to the rational hierarchical 

structure design, and the values of Rct from OHPC-50 to OHPC-600 also perform a “volcano” 

shape. Se/OHPC-100 has the lowest impedance for the charge transfer (∼18.4 Ω), reflecting its fast 

charge transfer ability, which is extremely important for the utilization of Se. 

The galvanostatic intermittent titration technique (GITT) measurement has been widely used 

as a standard method to evaluate the chemical diffusion coefficients of Li+ (DLi+) in Li ion 

battery[60-63]. The surface diffusion of Li2Sen species on conductive solid substrates and their 

rapid electrochemical kinetics conversion can play an important role in Li-Se battery 

electrochemical performance[64]. Due to the presence of the mixing species (e.g., Li2Sen and Li+) 
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in the battery, the diffusion coefficient of Li+ is very hard to ascertain[65]. Although it is very 

different to get the diffusivity of Li2Sen on the surface from the electrochemical measurement, the 

lithium diffusivity in the whole Li-Se battery has been reported to estimate the important 

information about Li2Sen surface diffusion to some extent[64, 66]. In this work, we have thus used 

GITT measurement to check the ion diffusion in our materials. The values of D were calculated by 

the following equation[67]: 

22
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,
π
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B t

Em V
D

M S E
   

       
 

where τ denotes the constant current interval time, VM is the molar volume of the selenium material, 

mB and MB are the mass and the molecular weight of the selenium that is infiltrated in the electrode 

material, S is the contact area of the electrode-electrolyte interface, ΔEs is the change of the steady-

state voltage in a single-step GITT current pulse, ΔEt is the voltage change during a constant current 

pulse, eliminating the iR drop (iR: the voltage drop when current flows through an impedance). 

Fig. S8(d) depicts the specific capacity-voltage GITT curves of representative Se/OHPC-100, 

which include 10 min of constant current discharge/charge and 40 min of relaxation. The long 

interruption time is to make sure the battery recovers back to steady state. Fig. 5(f) shows the time-

voltage GITT curve of Se/OHPC-100, and the diffusion coefficient of the battery is calculated from 

this plot. The D value of other Se/C cathodes are calculated in the same way and displayed in Table 

S5. The Se/C-micro and Se/C-macro have very low value of lithium species diffusion coefficient 

(7.5 × 10−15 and 3.9 × 10−13 cm2 s-1) for the lack of diffusion pathway and bulk Se state. The rate 

of lithium species diffusion has a degree of increase in Se/C-meso due to amorphous Se and 

interconnected mesopores pathway, but also limited by the channel size. The diffusion coefficient 

in the Se/OHPC cathodes achieves an accelerated transport and performs an upward and then 

downward trend. The diffusivity of Se/OHPC-100 exhibits the maximum value of 1.3 × 10−11 cm2 

s-1, showing the best Li+ as well as the Li2Sen diffusion capacity. The enhanced flexibility of Li2Sen 

diffusion and further kinetically accelerates Li2Sen redox conversion leading to the low solubility 

and the low accumulation of intermediate lithium polyselenides, thereby leading to the inhibited 

shuttle-effect. Benefiting from the optimal cooperation of fast electron transport and excellent 

lithium species diffusion capability, the Se/OHPC-100 cathode achieves the best electrochemical 

performance. 
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To study the impact of long cycling on the structure and morphology of cathodes, SEM images 

and XPS spectra of the Se/C electrodes (Se/OHPC-100 cathode as representative sample of 

Se/OHPC) recovered after 200 discharge/charge cycles were recorded and the results are shown in 

Fig. 6. After 200 cycles, the surface of Se/OHPC-100 cathode (Fig. 6e) still maintains its perfect 

initial structural integrity and shows an indistinguishable difference in morphology compared with 

its fresh state (Fig. 6d), implying that OHPC carbon host materials have a very stable structure 

during cycling. This result also indicates that the active Se is effectively localized into the 3D 

hierarchically porous carbon network during the lithiation/delithiation process. While for Se/C-

meso (Fig. 6b) cathode, a certain degree of structural damage exists and some extra Se particles 

appear on the electrode surface, reflecting their unstable state in the discharge/charge process. 

SAED pattern and HRTEM of Se/meso after 200 cycles in Fig. S9 prove that the appeared particles 

are selenium or polyselenides crystals. The corresponding STEM-EDX elemental mapping reflects 

large Se or polyselenides particles produced without uniform distribution. The disassembled Se/C-

meso cathode after 200 cycles in Fig. 6(c) displays a red colour, indicating the presence of shuttle 

polyselesides. In contrast, Se/OHPC-100 in Fig. 6(f) shows a slight colour due to the strong 

adsorption to the polyselenides. 

Fig. S10 shows the XPS testing result of the Se, OHPC-100, Se/OHPC-100 composite, and 

fresh and cycled Se/OHPC-100 cathode. After cycling, the appearance of F 1s spectra at 687.5 eV 

and the increase of O 1s intensity indicate the formation of the SEI layer on the surface of the 

cathode[68]. Fig. S11 presents the Se 3d and C 1s XPS spectra of fresh and cycled cathode materials, 

respectively. After 200 cycles, the Se peaks of Se/OHPC (-50, -100, -150, -200, -400, -600) 

composites in Fig. S11(a) shift to higher binding energy because Li and Se bind together to form 

Li2Se[69]. Se/OHPC-100 is selected as the representative sample of Se/OHPC. Its Se 3d and C 1s 

spectra are respectively shown in Fig. 6(g and h). The energy of Se 3d5/2, Se 3d3/2 and Se-O are 

shifted 0.1 eV higher after running. Moreover, a new peak appears in the high binding energy 

regain (∼59 eV) in Se 3d spectrum, assigned to the formation of Se–C bond from the reaction 

between Se and electrolyte. The Se–C peak at ∼290 eV in C 1s spectrum further confirms this 

reaction[58]. However, the Se 3d peaks of C-meso in Fig. S11(a) shift towards lower binding energy, 

as a result of dissolution of Se and polyselenides[68]. The detail peaks location are displayed in Fig. 

6(i), the peaks of Se 3d5/2, Se 3d3/2 achieve 0.6 eV lower than the fresh cathode. This reveals 

polyselenides or Se on the surface of the cathode, consistent with the SEM images in Fig. S9 and 
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Fig. 6. SEM images of fresh (a and d) and cycled (b and e) cathodes extracted from the Li-Se cells after 200 

discharge/charge cycles at 0.2 C. (a and b) Se/C-meso cathode, (d and e) Se/OHPC-100 cathode. 

Disassembled cells after 200 cycles running: (c) Se/C-meso, (f) Se/OHPC-100. XPS spectra of Se 3d (g) 

and C 1s (h) of the fresh (bottom) and cycled (top) Se/OHPC-100 cathode film, (i) Se 3d spectra of fresh 

(bottom) and cycled (top) Se/C-meso cathode film. 

picture of Fig. 6(c). The polyselenides in Se/C-meso could explain its poor cycle performance and 

rate ability. 

In order to better understand the relationship between carbon host materials and their 

performance in battery, all the data are summarized in Fig. 7. C-micro and C-macro possess low 
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specific surface area and C-meso has an increased surface area. The series of three-scale pores 

OHPCs with tunable macropore size designed by following the concept of the generalized 

Murray’s law[33-37, 70] have the further improved surface area, and as the size of the macropores 

increases, the surface area has the trend to increase first and then decrease, achieving the highest 

surface area value at the size of 100 nm of 1391 m2 g-1. Moreover, the pore volume of the carbon  

 

Fig. 7. The summary of the carbon host materials properties and the corresponding Se/C batteries 

performance (the upper part shows the capacity of the batteries and the bottom part shows the properties of 

carbon host materials). 

host materials has the same tendency. The high surface area and pore volume in addition to the 

three-scale pores distribution lead to the Se/OHPC batteries achieving the improved performance. 

The Se/OHPC-100 exhibits the highest 2nd specific capacity, the best stability and rate capacity. 

OHPC-100 is the material that better follows the generalized Murray’s law, which could facilitate 

the mass transfer of the system, minimum energy consumption and coordinate pores at three length 

scales to work at the high state of efficiency. The superiority of the OHPC-100 is proved by the 

diffusion coefficients. C-micro and C-macro have low lithium species diffusion coefficient of 7.5 
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× 10−15 and 3.9 × 10−13 cm2 s-1, respectively. The diffusion rate of C-meso has one to two orders of 

magnitude higher, being 4.2 × 10−12 cm2 s-1. The series of OHPCs perform a shape of “volcanic” 

as the size of the macropore increases from 50 to 600 nm and OHPC-100 achieves the rapid mass 

transfer rate. Although OHPC-600 has the lowest diffusion coefficient among all the OHPCs, it is 

still higher than C-meso. This proves that the OHPC host materials with micro/meso/macropores 

designed by following the concept of the generalized Murray’s law exhibit better performance than 

carbon host materials with single size pores. 

To better visualize the advantages of the OHPC host materials, the ionic and electronic 

transportation mechanisms are sketched in Fig. 8. As schematically illustrated, the macropores 

provide channels for the rapid transportation of Li+. The micropores and mesopores of OHPC 

materials provide enough space for the loading of active selenium and their confinement. The 

continuous thin walls facilitate the rapid transportation of electrons. Given the above results and 

analysis, the OHPC host materials perform extraordinary high rate capability and improve cycling 

performance for the reasons: (1) The abundant micropores and mesopores provide confinement 

effect for Se, which is essential for the stability of the battery. (2) The ordered macropores present 

many channels in the cathode, acting as reservoirs/highways for Se diffusion, electrolyte 

impregnation and lithium species transport. (3) The interconnected thin walls enable the rapid  

 

Fig. 8. Schematic illustration for the ion and electron transport in the Se/OHPC composites: (I) 

macropores and framework, (II) in interconnected walls (mostly mesopores and micropores). 
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transportation of electrons, beneficial to the full utilization of selenium. On the contrary, C-micro 

only with micropores is unfavorable for the diffusion pathway of Se and electrolyte, leading to a 

poor property. As for C-macro cathode, the lack of micropores, mesopores and low surface area 

leads to the formation of many Se crystallites on the surface of the large size macropores, resulting 

in the active Se species loss during the reaction process. As providing many mesopores channels, 

C-meso achieves better electrochemical performance compared with C-micro and C-macro, but is 

still limited by the diffusion. Therefore, beneficial of the hierarchically porous structure following 

the concept of the generalized Murray’s law[33-37, 70], the stability and rate capacity of the Se/OHPC 

battery exhibit further improvement. With the macropore size increases from 50 to 600 nm, the 

property of Se/OHPC has an increase first and then decrease, and achieves the maximum at the 

size of 100 nm. This means that the structure of OHPC-100 has the most optimized hierarchical 

structure which follows the generalized Murray’s law[33-37, 70], leading to the fastest electron transfer, 

favorable ion kinetics via the optimal pores size matching, displaying the outstanding performance 

of high initial specific capacity, long-term cycle life, and excellent rate capability. Thus, porous 

structures designed by following the concept of the generalized Murray’s law have proven to be 

the most efficient and energy saving in terms of mass exchange and transfer. 

4. Conclusion 

3D OHPC materials with tunable macropore size designed by following the concept of the 

generalized Murray’s law have been successfully synthesized using a dual-template method. After 

Se is infiltrated, the obtained Se/OHPC composites with hierarchically porous structure are served 

as cathode material in Li-Se battery and perform much higher rate performance and ultra-long 

cyclic stability compared to those based on sole micropores, mesopores or macropores. The 

Se/OHPC-100 cathode delivers the highest 2nd discharge capacity of 651 mA h g-1 at 0.2 C and a 

prolonged cycle life over 200 cycles, maintaining at 360 mA h g-1. Even at the current of 5 C, it 

exhibits the discharge capacity of 154 mA h g-1. The high specific capacity and good stability of 

the Li-Se battery are due to the fact that: (1) the high percentage of micropores and part of 

mesopores that serve confinement to Se and physical adsorption to polyselenides adsorption, (2) 

mesopores and macropores constructing diffusion highway channels accelerating ion kinetics and 

the interconnected walls facilitating the transportation of electrons. The high outstanding 

performance of Se/OHPC-100 proves that its pores distribution, best following the generalized 

Murray’s law, could maximize the properties for advanced Li-Se battery. This suggests that the 
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Se/OHPC composites are promising electrode materials for practical application in Li-Se batteries. 

The strategy here provides the basis for the subsequent structure design and material pore size 

tailoring for other advanced energy storage systems. 
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Supporting Information 

Three-Dimensional Ordered Hierarchically Porous Carbon Materials for High 

Performance Li-Se Battery 

 

Experiment 

In a typical synthesis, the styrene without polymerization inhibitor was added into suitable 

deionized water containing an appropriate amount of sodium laurylsulfonate. After bubbling with 

the nitrogen gas for 15 min, the mixture was raised to the specified temperature under stirring and 

kept for half an hour. Subsequently, potassium persulfate was added to the mixture under stirring 

for a certain time. Reactions were performed under nitrogen atmosphere. A milk-like product 

containing monodispersed PS spheres was thus obtained. Reaction conditions and reagent 

quantities are all detailed in Table S1. 

 

 

 
Fig. S1. SEM images of the self-assembly of PS spheres. 
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The mechanism of the KOH activation: 

1) at the temperature (T) range of 400-600 ºC, 

2C + 6KOH → 2K CO + 3H                    (1) 

2) when the T rise to 600 ºC, 

K CO → K O + CO                                  (2) 

CO + C → 2CO                                          (3) 

3) when the T over than 700 ºC, 

K CO + 2C → 2K + 3CO                         (4) 

C + K O → 2K + CO                                  (5) 

The reactions between C and different chemicals (KOH, CO2, K2CO3, K2O) form a porous network 

structure. The generated H2O and CO2 can gasify carbon at high temperature to further increase 

the porosity of the carbon framework. The metal K can interest layer of carbon, leading to 

irreversible expansion. All the reasons ablow lead to the activation of carbon material with the help 

of KOH. 
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Fig. S2. SEM images of C-micro (a-c), C-meso (d-f), C-macro (g-i), OHPC-50 (j-l), OHPC-100 (m-o), 

OHPC-150 (p-r), OHPC-200 (s-u), OHPC-400 (v-x) and OHPC-600 (y-τ). 
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Fig. S3. TEM images of C-micro (a-c), C-meso (d-f), C-macro (g-i), OHPC-50 (j-l), OHPC-100 (m-o), 

OHPC-150 (p-r), OHPC-200 (s-u), OHPC-400 (v-w) and OHPC-600 (x-τ). 
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Fig. S4. SEM images of C-micro (a) and Se/C-micro composite (b), TEM (c) and HR-TEM (d and e) images 

of Se/C-micro (inset FFT pattern) and its corresponding SAED pattern (f). 

  



Chapter Ⅳ 

154 

 

 

Fig. S5. (a) XRD patterns of OHPCs and Se/OHPC composites, (b) Raman spectra of pristine Se, C-micro, 

C-meso, C-macro, OHPC-100 and corresponding Se/C composites, (c) Raman spectra and (d) XPS 

spectrum of OHPCs and Se/OHPC composites. 
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Fig. S6. Micropores size distribution of OHPC host materials and Se/OHPC composites. 
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Fig. S7. The cycle performance (a) and Galvanostatic discharge/charge profiles (b) of pure OHPC-100 at 

the current of 0.2 C. 
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Fig. S8. (a) Cycling performance of Se/OHPC-100 and Se/C-meso cathodes with high Se loading of ~5 mg 

cm-2, (b) Galvanostatic discharge/charge plots of Se/OHPC-100 at different currents, (c) Cycling 

performance of Se/OHPC-100 and Se/C-meso cathodes at the high current of 1 C and (d) Discharge/charge 

GITT curves of Se/OHPC-100 at 0.1 C. 
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Fig. S9. (a) TEM image, (b) HR-TEM and (c) SAED pattern of Se/meso after 200 cycles, respectively. (d-

f) corresponding STEM-EDX elemental maps: C (red), Se (green). 
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Fig. S10. XPS spectra of Se, OHPC-100, Se/OHPC-100, and corresponding fresh/cycled cathode film. 
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Fig. S11. Comparative XPS spectra of Se/C-meso and series of Se/OHPC: (a) Se 3d, (b) C 1s spectra of 

fresh cathode film and 200 cycles later. 
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Table S1. Variation in polymerization parameters for the preparation of polystyrene spheres with 

different sizes. 

Samples Deionized 

water (ml) 

Styrene 

(g) 

Sodium 

laurylsulfonate 

(g) 

Potassium 

persulfate 

(g) 

Temperature 

(°C) and time 

(h) 

Average 

diameter 

(nm) 

PS-50 360 20 0.8 0.6 75, 4.5 50 

PS-100 360 30 0.8 0.6 75, 4.5 100 

PS-150 360 40 0.6 0.54 75, 4.5 150 

PS-200 360 47 0.6 0.5 75, 4.5 200 

PS-400 400 47 0 0.43 80, 5 400 

PS-600 430 49 0 0.51 70, 11 600 
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Table S2. Chemical compositions and the template diameter of different carbon host materials. 

Samples Carbon 

source 

Mesopores template and 

Diameter (nm) 

Macropores template and 

Diameter (nm) 

KOH 

activation 

C-micro Sucrose without without yes 

C-meso Sucrose SiO2 (22) without no 

C-macro Sucrose without PS (100) no 

OHPC-50 Sucrose SiO2 (22) PS (50) yes 

OHPC-100 Sucrose SiO2 (22) PS (100) yes 

OHPC-150 Sucrose SiO2 (22) PS (150) yes 

OHPC-200 Sucrose SiO2 (22) PS (200) yes 

OHPC-400 Sucrose SiO2 (22) PS (400) yes 

OHPC-600 Sucrose SiO2 (22) PS (600) yes 
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Table S3. Nitrogen BET adsorption measurements textural properties of carbon host materials 

and Se/C composites. 

Sample SBET (m2 g-1) VP (cm3 g-1) Vmicro (cm3 g-1) DP (nm) 

C-micro 446 0.2 0.21 0.5 

C-meso  1004 2.5 - 18 

C-macro 180 1.0 - 90 

OHPC-50 1363 3.2 0.60 0.5/15/62 

OHPC-100 1391 3.2 0.62 0.5/15/85 

OHPC-150 1286 1.9 0.55 0.5/16/150* 

OHPC-200 1265 2.5 0.55 0.5/16/200* 

OHPC-400 1277 2.0 0.57 0.5/16/400* 

OHPC-600 1137 1.5 0.50 0.5/15/600* 

Se/C-micro - 0.003 - - 

Se/C-meso  116 0.6 - 18 

Se/C-macro 8 0.2 - 89 

Se/OHPC-50 50 0.4 0.02 53 

Se/OHPC-100 81 0.6 0.03 17/72 

Se/OHPC-150 82 0.4 0.03 17/150* 

Se/OHPC-200 120 0.6 0.05 16/200* 

Se/OHPC-400 99 0.3 0.04 16/400* 

Se/OHPC-600 51 0.2 0.02 16/600* 
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The value with “*” is detected by SEM. There are some “windows” at the size of 60-80 nm in the 

OHPC host materials, because of their no contribution to the surface area and porous volume, which 

are not mentioned in the table. 
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Table S4. The stability and rate capacity of Se/C composite cathodes. 

Samples 2nd discharge capacity 

at 0.2 C (mA h g-1) 

The capacity of the 200th 

cycle 

at 0.2 C (mA h g-1) 

Rate capacity 

at 5 C (mA h g-1) 

Se/C-micro 188 93.9 7.5 

Se/C-meso 591 311.6 77.3 

Se/C-macro 596 254.6 71.5 

Se/OHPC-50 607 325.0 151.6 

Se/OHPC-100 651 361.2 155.4 

Se/OHPC-150 622 329.6 136.4 

Se/OHPC-200 627 318.4 129.8 

Se/OHPC-400 617 316.1 115.8 

Se/OHPC-600 596 276.1 110.2 
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Table S5. Charge-transfer resistance (Rct) and D of Li-Se batteries with different Se/C cathodes. 

Sample Rct (Ω) D (cm2 s-1) 

Se/C-micro 49.4 7.5×10−15 

Se/C-meso 31.1 4.2×10−12 

Se/C-macro 34.6 3.9×10−13 

Se/OHPC-50 24.2 1.2×10−11 

Se/OHPC-100 18.4 1.3×10−11 

Se/OHPC-150 24.1 1.1×10−11 

Se/OHPC-200 24.6 8.3×10−12 

Se/OHPC-400 29.7 6.2×10−12 

Se/OHPC-600 30.4 5.9×10−12 
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Chapter Ⅴ 

Boosting reaction kinetics and shuttle effect suppression by single-crystal 

MOF-derived N-doped ordered hierarchically porous carbon for high 

performance Li-Se battery 

 

The work described in this chapter has been published in: 

H.Y. Li, W.D. Dong, C. Li, Sci. China Mater., 2022, 2:8. 
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Abstract 

Maximizing the fixing ability of polyselenides to reduce the shuttle effect in Li-Se battery remains 

highly challenging. Single-crystal metal-organic framework (MOF)-derived N-doped ordered 

hierarchically porous carbon (S-NOHPC) synthesized by confined crystal growth and template-

assistant method demonstrates excellent electrochemical performance as a host material for Li-Se 

battery. The large number of micropores inherited from the MOF structure provides large space 

and surface for Se loading and reaction sites, ensuring the high energy density of the battery. The 

in-situ X-ray diffraction (XRD) technique is used to understand the reaction mechanism. The 

synergy of the interconnected three-scale-level micro-meso-macroporous structure and N-doped 

polar sites can buffer the volume expansion, shorten the ions transportation with a very high 

diffusion coefficient of 4.44×10-10 cm2 s-1 and accelerate the lithiation/delithiation reaction. 

Selenium is sufficiently reactive and the polyselenide intermediates are tightly fixed inside the 

carbon host material, thereby achieving excellent specific capacity, stability and rate capability. 

Such a cathode exhibits a very high 2nd discharge/charge capacity of 658 and 683 mA h g-1, 

respectively, and retains a very high capacity of 367 mA h g-1 after 200 cycles at the current of 0.2 

C. Even at the high current of 5 C, a very high discharge capacity of 230 mA h g-1 is obtained. This 

work provides a new kind of high-performance porous materials with rational pore arrangement 

applicable for highly efficient energy storage. 

 

Keywords: Single-crystal MOF, N-doped ordered hierarchically porous carbon, shuttle effect, 

diffusion coefficient, Li-Se battery 
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1. Introduction 

Lithium-selenium (Li-Se) battery is a prospective candidate for the future energy storage 

system owing to its small volume, high energy density, and much higher conductivity of Se (1 

×10−3 S m−1) than that of S (5 × 10−28 S m−1)[1,2]. Generally, active selenium is confined into the 

conductive porous structure framework[3,4]. This not only further strengthens its conductivity to 

improve the utilization of selenium but also enhances the ion transfer, leading to a high 

performance of Li-Se battery. Among the commonly used frameworks of oxide, nitride, sulfide, 

and carbon-based materials[5–9], carbon host materials have attracted the most extensive attention 

owing to their high conductivity, various nanostructures, and easy design of porous systems[10]. 

However, due to the limitation of the liquid-solid-liquid reaction mechanism, dissolved 

polyselenides shuttle between the cathode and anode during the discharge/ charge process and will 

directly react with lithium, resulting in a serious loss of active Se and thus the important capacity 

decay and poor stability[11]. 

A series of strategies have been developed to suppress the shuttle effect[12–14]. The strategies 

of blocking polyselenide shuttle have been applied at each step of the polyselenides’ travel path, 

from tightly confining the polyselenides within the frameworks[15,16], adding a protective layer to 

prevent their diffusion out of the cathode[17], to introducing an interlayer between the cathode and 

separator to reduce the diffusion of polyselenides to the anode[18]. Confining the polyselenides 

inside the frameworks by increasing the adsorption ability to restrict them from traveling out of the 

cathode is the most remarkable technology to solve the shuttle problem from the sources. 

Carbonaceous matrixes such as microporous carbon[19], mesoporous carbon[20], hierarchically 

porous carbon[21, 22], hollow carbon[23], and carbon fibers[24, 25] were designed to increase the 

physical adsorption of polyselenides by the enlarged surface area and designed porous systems. 

However, it is well recognized that it is insufficient to suppress the dissolution only by the 

confinement via the weak physical interaction between the nonpolar carbon host and polar 

polyselenides. Polar sites such as heteroatom doping (e.g., B, S, N, or P) have a strong interaction 

with polyselenides[26]. Therefore, introducing heteroatom doping sites into carbon host materials 

has become another attractive approach to confine polyselenides via chemisorption. For instance, 

Lv et al.[27] proved that the introduced N doping atoms can not only effectively confine the active 

selenium, but also prevent the dissolution of polyselenides by enhanced interaction between the 

host material and polyselenides. Zhao et al.[28] synthesized hierarchically porous carbon with dual-



Chapter Ⅴ 

170 

 

doping heteroatoms (N and O) that strongly anchor the Se-containing species by strong 

chemisorption to reduce the shuttle effect. Mendes et al.[29] synthesized a N, S, O tri-doped 

mesoporous carbon host and achieved good stability. Thus, heteroatom doping is a promising 

strategy to realize high-performance Li-Se batteries. 

Metal-organic framework (MOF) is a kind of organic-inorganic hybrid material with 

intramolecular pores formed by self-assembly of organic ligands and metal ions or clusters through 

coordination bonds[30, 31]. The organic ligands are typically multidentate molecules with N- or O- 

donor atoms, such as pyridyl, polyamines, and carboxylates[32]. However, the original MOFs are 

insulating, impeding their direct utilization as host materials[33, 34]. The transformation of the low 

conductive MOFs to well-organized porous and conductive carbon has been largely studied. 

Moreover, such treatment can simultaneously achieve the in-situ heteroatom doping[35, 36]. For 

example, Wu et al.[37] synthesized ZIF-8-derived carbon polyhedrons for sulfur embedding, which 

exhibited good cycling stability owing to the dual-physical confinement and strong chemisorption. 

Liu et al.[38] applied the ZIF-8-derived microporous carbon polyhedra in the Li-Se battery. He et 

al.[39] synthesized N-doped graphitic C-Co scaffold (C-Co-N) derived from MOF to immobilize Se 

via physical/chemical molecular interactions. All of the above host materials delivered superior 

electrochemical performance. However, as reported, the diameters of most of the pores of MOF 

materials are within the range of micropores (less than 2 nm), which impedes the efficient Se 

infiltration and ion transfer in the derived carbon host materials[40, 41]. Thus, constructing a well-

organized hierarchically porous system with interconnected mesopores and macropores in N-doped 

MOF-derived carbon host to break through the limitation of micropore diffusion is essential to 

improve the battery performance. 

We here report the synthesis of a highly ordered N-doped three-dimensional (3D) 

hierarchically micro-, meso-, and macro-porous carbon host (S-NOHPC) derived from the single-

crystal MOF and its excellent electrochemical performance as the host material of Li-Se battery. 

Owing to the synergy of physical adsorption because of well-controlled porous system and 

chemisorption induced by N doping, the polyselenides as intermediate products are tightly fixed in 

the pores of the carbon host material, leading to the highly stable performance in terms of capacity 

and cycle recoverability of the Li-Se battery. Moreover, the hierarchical pathways constructed by 

interconnected micro-, meso-, and macro-pores accelerate the transfer of electrolyte and lithium 

ions, resulting in an improved rate capability. Thus, the Li-Se battery with the Se@S-NOHPC 
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cathode achieves a very high value of the 2nd discharge capacity of 658 mA h g−1 and remains at 

367 mA h g−1 at 0.2 C after 200 cycles. Even at a high current of 5 C, the discharge capacity can 

achieve a very high level of 230 mA h g−1. The results indicate that introducing the interconnected 

hierarchically micro-meso-macroporous structure inside the MOF-derived carbon host material 

combining N-doped sites has obvious advantages than carbon directly derived from the MOF with 

sole micropores. Such innovative single-crystal MOF-derived N-doped highly ordered and 

interconnected hierarchically porous carbon materials have all the characteristics required for high-

efficiency surface reaction sites and the rapid mass transfer. 

2. Experimental section 

2.1 Chemicals: Polyvinyl pyrrolidone (PVP K30, Tokyo Chemical Industry Co. Ltd.), sodium 

hydroxide (NaOH, 98%, Carl Roth), styrene (C8H8, 99%, Aladdin Industrial Corporation), 

ammonium persulfate ((NH4)2S2O8, 99%, Sinopharm Chemical Reagent Co., Ltd.), silica sol 

(Ludox HS-30 colloidal silica, Sigma-Aldrich), methanol (CH3OH, 99%, Carl Roth), zinc nitrate 

hexahydrate (Zn(NO3)2∙6H2O, 99%, Sigma-Aldrich), 2-methylimidazole (C4H6N2, 99%, Acros 

Organics), ammonia solution (NH3.H2O, 35%, Fisher scientific), selenium (-100 mesh, ≥99.5%, 

Sigma-Aldrich). All the chemicals involved in this work were of analytical grade and were used 

without further purification. 

2.2 Preparation of ZIF-8: ZIF-8 was synthesized by using the following procedure[42]. Typically, 

3.13 mmol of Zn(NO3)2·6H2O and 12.5 mmol of 2-methylimidazole were dissolved in 25 ml of 

methanol, respectively. The two solutions were mixed and stirred continuously for 1 min, and then 

aged at room temperature for 24 h. ZIF-8 particles that precipitated in the solution were centrifuged 

and washed with methanol for several times. The collected powder was dried at 50 °C overnight. 

2.3 Synthesis of 3D ordered macro and mesopores (PS/SiO2) template: The PS/SiO2 template 

was fabricated by self-assembly method. The polystyrene (PS) and silica (SiO2) spheres work as 

templates for macropores and mesopores, respectively. The synthesis details and the scanning 

electron microscopy (SEM) image of monodispersed PS spheres (Fig. S1) are displayed in the 

Supporting information[43]. For the template precursor preparation, 3.75 g of silica sol was added 

to 100 ml of the synthesized milk-like PS suspension and stirred for 1 h. The dispersion was 

sonicated for 30 min, and then it was subsequently dried at 60 °C overnight. 
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2.4 Preparation of ZIF-8@PS/SiO2 composite: The ZIF-8@PS/SiO2 composite was synthesized 

via a confined crystal growth method. First, a ZIF-8 precursor solution was prepared by mixing 

8.15 g of Zn(NO3)2∙6H2O and 6.75 g of 2-methylimidazole in 45 ml of methanol and stirring for 

15 min. Then, a large piece of PS/SiO2 template was immersed in the above ZIF-8 precursor 

solution and kept for 1 h. After that, the mixture was degassed under vacuum pressure of 150-300 

hPa for 30 min to ensure that the precursor penetrates the entire template. The obtained ZIF-8 

precursor@PS/SiO2 composite was transferred to a beaker and dried at 50 °C overnight. To induce 

the growth of the single-crystal ZIF-8, the dried precursor@PS/SiO2 were soaked into a mixed 

solution of CH3OH/NH3·H2O (v/v=1:1) at room temperature. Then, the solution was degassed in 

vacuum (300-450 hPa) for 10 min to guarantee the adequate permeation of solvent into 

precursor@PS/SiO2. After that, the mixture was left at room temperature and atmospheric for 24 

h. The obtained ZIF-8@PS/SiO2 composite was then filtrated, washed with methanol and dried in 

air. As a reference, the ZIF-8@PS composite where ZIF-8 grows in the inter-space of the ordered 

macropores template was synthesized with the same process of ZIF-8@PS/SiO2, except that the 

immersed template contained only PS spheres. 

2.5 Preparation of single-crystal MOF-derived N-doped ordered hierarchically micro-meso-

macroporous carbon (S-NOHPC): The S-NOHPC host was obtained by the calcination and 

etching process. The ZIF-8@PS/SiO2 composite was calcined at 450 °C for 4 h and then at 800 °C 

for 3 h under argon atmosphere with a heating rate of 2 °C min-1 to achieve PS template removal 

and ZIF-8 carbonization. After cooling down to room temperature, the obtained black powder was 

etched by hydrofluoric acid to remove the SiO2 mesopores template and then washed with 

deionized water until a neutral pH value was achieved. After drying overnight at 60 °C, the S-

NOHPC with the designed structure was obtained. Two reference samples, single-crystal MOF-

derived N-doped microporous carbon (S-NMC) and single-crystal MOF-derived N-doped micro-

macroporous carbon (S-NOMMC), without addition of SiO2 colloids to create mesoporosity, were 

prepared after the calcination of ZIF-8 and ZIF-8@PS, respectively. The template used in the 

synthesis process and the pores inside the different carbon host materials are shown in Table S1. 

2.6 Synthesis of Se@S-NOHPC composites: The Se@S-NOHPC composite was fabricated by 

the melting-diffusion method. The as-prepared S-NOHPC host material and Se powder were mixed 

by mortar grinding with a mass ratio of 1:2. Subsequently, the mixture was heated at 260 °C for 20 

h at a ramp rate of 2 °C min-1 under an argon atmosphere in a tubular furnace. The temperature was 



Chapter Ⅴ 

173 

 

further increased to 300 °C and purged for another 2 h in order to remove the residual Se on the 

surface of carbon host materials. After cooling down to room temperature, the Se@S-NOHPC 

composite was obtained. For comparison, S-NMC and S-NOMMC were treated with the same 

process, and the corresponding products were named Se@S-NMC and Se@S-NOMMC, 

respectively. 

2.7 Visualized Li2Se6 adsorption experiments: First, the Li2Se6 solution (2 mmol L-1) was 

prepared by mixing Li2Se and Se with a molar ratio of 1:5 in 1,3-dioxolane/1,2-dimethoxyethane 

(DOL/DME) mixture (v:v = 1:1) and magnetic stirring at 60 °C for 24 h. Then, 20 mg of host 

materials (S-NOHPC, S-NOMMC and S-NMC) that dried at 60 °C for overnight were separately 

added to 10 ml Li2Se6 solution. After stirring for 2 min, the mixtures were stewing 24 h in glovebox. 

2.8 Materials characterization 

The morphology of the synthesized carbon host materials and their corresponding Se/C 

composites was investigated by field emission scanning electron microscopy (FESEM, JSM-7500F) 

and transmission electron microscopy (TEM, Tecnai 10). Microstructure and crystallization were 

studied by high-resolution transmission electron microscopy (HRTEM, talos F200s) and selected 

area electron diffraction (SAED). Energy-dispersive X-ray spectroscopy (EDX) was used to detect 

the elemental distribution states of the samples. The crystalline phase were investigated by X-ray 

diffraction (XRD, PANalytical X’pert Pro) with Cu Kα radiation (λ=1.5418 Å). The in-situ XRD 

was carried out in STOE STADI-MP powder diffractometer with Cu Kα1 radiation (λ=1.54056 Å) 

in Bragg–Brentano geometry. The thermogravimetric analysis (TGA, SDT Q600) measurements 

were carried out to measure the Se content in the Se/C composites, where the temperature rose 

from 25 to 800 °C at a heating rate of 2 °C min-1 under nitrogen atmosphere. N2 physisorption was 

carried out (ASAP 2420 apparatus, Micromeritics Instrument Corp., USA) at 77 K to analyze the 

Brunauer-Emmett-Teller (BET) surface area and pore size distribution. The pore size distribution 

ranges of micropores and mesopores were calculated by the analysis methods of Barrett-Joyner-

Halenda (BJH) and Horvath-Kawazoe (H-K), respectively. X-ray photoelectron spectroscopy 

(XPS) analysis was performed in an Axis Ultra DLD (Kratos Analytical Ltd., UK) with a 

monochromatic Al Kα X-ray radiation to study the species and chemical states of the main elements 

in the synthesized samples. The absorbance of Li2Se6 was detected by an ultraviolet-visible (UV–

vis) spectrophotometer (Shimadzu UV-1700, Japan) with the wavelength of 250-700 nm. 
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2.9 Electrochemical measurements 

The CR2032 coin-type cells were assembled in an Ar-filled glove box (O2 and H2O<1 ppm, 

Vigor-SG1200/750TS, LTD, Suzhou) for the electrochemical measurements. The cell was 

constructed with lithium foil anode, selenium cathode, Whatman glass microfiber filters (GF/D) 

separator, and commercial 1.0 mol L-1 LiTFSI in DME/DOL (1:1, v/v by volume) with 1.0% LiNO3 

electrolyte. The Se cathode was prepared by coating the slurry that was prepared by mixing Se/C 

composite, carbon black (Super P, Timcal) and water-soluble binder sodium alginate (SA, Sigma-

Aldrich) at a mass ratio of 8:1:1 on the aluminum current collector and vacuum drying overnight 

at 60 °C. Then, the obtained Se cathode was cut into discs with a diameter of 14 mm. The cyclic 

voltammetry (CV) experiments were performed on an LK 2005A electrochemical workstation at 

0.1 mV s-1 in the voltage range of 1.5–2.6 V vs. Li+/Li. The electrochemical impedance 

spectroscopy (EIS) was carried out on the same workstation in the frequency range of 100 kHz–

0.01 Hz with an alternating current (AC) voltage amplitude of 5 mV. Galvanostatic 

discharge/charge measurements were conducted on a Land CT2001A multi-channel battery testing 

system in the voltage range of 1.5–2.6 V (vs. Li+/Li) at different constant current densities. The 

galvanostatic intermittent titration technique (GITT) measurement was also carried out on the Land 

CT2001A multi-channel battery testing system. In detail, after 5 cycles of activation and 

stabilization, the battery was discharged at 0.1 C for 10 min, following by 40 min relaxing, and the 

process was repeated until the voltage drops to 1.5 V. Afterwards, the battery was charged to 2.6 

V with the same process. All the electrochemical measurements were carried out at room 

temperature. 

3. Results and discussion 

3.1 Structural analysis 

The preparation procedure of the highly ordered S-NOHPC and corresponding Se@S-

NOHPC is shown in Scheme 1. First, the prepared macropore template of monodispersed PS 

spheres and commercial silica spheres used as mesopore template are self-assembled to form a 3D 

ordered template (Step 1). The ZIF-8 precursor is infiltrated in the voids of the face-centred cubic 

(fcc) PS and SiO2 of the 3D ordered PS/SiO2 template (Step 2). After adding the mixture of ethanol 

and ammonia, the single-crystals start to grow along the template and ZIF-8@PS/SiO2 with the 

size of 100 nm. The ammonia deprotonates the ligand and induces rapid crystallization of ZIF-8.  



Chapter Ⅴ 

175 

 

 

Scheme 1 Schematic illustration of Se@S-NOHPC synthesis process (PS: Polystyrene). 

The ethanol is used to stabilize the precursor and adjust the balance between nucleation and growth 

(Step 3). After the PS removal by calcination, the ZIF-8 derived S-NOMMC containing SiO2 (S-

NOMMC@SiO2) is obtained (Step 4). By etching the SiO2, the S-NOHPC material with a 3D 

interconnected micro-meso-macroporous structure is synthesized (Step 5). Finally, active Se is 

infiltrated into the carbon host material by the melting-diffusion method. The Se@S-NOHPC 

cathode material is obtained (Step 6). Two reference samples of S-NMC and S-NOMMC are also 

prepared. Their preparation procedure is detailed in EXPERIMENTAL SECTION part and also in 

Table S1. 

The SEM and TEM images show the porous structures and morphologies of S-NMC, S-

NOMMC, S-NOHPC, and the corresponding Se@S-NOHPC composite. As shown in Fig. 1a, 

SNMC exhibits well-shaped ZIF-8 single-crystals, with a typical rhombic dodecahedron 

morphology and a particle size in the range of 400–500 nm. Fig. 1b, c and Fig. S2 show the 

tetrakaidecahedral structure of S-NOMMC with a uniform particle size of ~2 μm, which is 

composed of six triangles and eight squares. It can be seen that the highly ordered macropores are 

successfully generated throughout the tetrakaidecahedral after the removal of the PS template (Fig. 

1c). The morphology of SNOMMC is different from that of S-NMC due to the growth advantage 
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of [111] and [100] faces in the PS template, resulting in the maximum oriented macropore 

arrangement structure[43]. The large-scale image of S-NOHPC is shown in Fig. 1d, with a uniform 

particle size of ~1.5 μm. The SEM image of single-crystal MOF-derived S-NOHPC in Fig. 1e 

shows similar morphology to that of S-NOMMC. However, due to the removal of SiO2 template, 

the thickness of the interconnected walls became thinner, as shown in Fig. 1f. In the magnified 

 

Figure 1 SEM images of (a) S-NMC, (b, c) S-NOMMC, and (d-g) S-NOHPC. TEM images of (h, i) S-

NOHPC and (k) Se@S-NOHPC, (j, l) HR-TEM and SAED of S-NOHPC and Se@S-NOHPC composite, 

respectively. (m–p) SEM images of Se@ S-NOHPC and corresponding EDX mapping results. 
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image of S-NOHPC (Fig. 1g), the mesopores can be clearly seen in the thin walls where the SiO2 

spheres are removed. TEM images of S-NOHPC in Fig. 1h, i confirm the existence of macropores 

and mesopores that constructed the interconnected thin walls. The macropores with a size of 400 

nm (orange cycles) are detected due to the removal of PS spheres. Moreover, a large number of 

mesopores with a size of ~12 nm (green cycles) and interconnected with macropores appear inside 

the thin walls after the removal of SiO2 colloidal templates. The HRTEM image of S-NOHPC in 

Fig. 1j clearly displays a few layers of graphene-like carbon around the mesopores (pink cycles), 

which is beneficial to the transportation of electrons. The inserted SAED reflects that the host 

carbon of S-NOHPC is generally in an amorphous state. After Se infiltration into the S-NOHPC 

host, the obtained Se@S-NOHPC composite in Fig. 1k well maintains the original morphology. 

Compared with S-NOHPC, the HR-TEM of Se@SNOHPC in Fig. 1l shows a more disordered 

carbon phase and a darker color for the reason of the infiltration of Se into the pores. The SAED 

of Se@S-NOHPC indicates that Se stays in an amorphous nature. The EDX mapping measurement 

was applied to analyze the elemental compositions and their specific distribution in the Se@S-

NOHPC composite. The good overlap of the SEM and the mapping images in Fig. 1m–p indicate 

that N and Se are homogeneously dispersed in the carbon host material. 

N2 adsorption-desorption was used to analyze the surface area and pore size distribution of 

the materials. The isotherms and BJH pore size distributions (1–200 nm) of all the carbon host 

materials and their corresponding Se/C composites are depicted in Fig. 2a and b, respectively. Their 

micropore size distributions obtained by the H-K method are given in Fig. 2c. S-NMC gives a type 

I isotherm, characteristic of microporous materials principally[44, 45]. This carbon host directly 

derived from ZIF-8 contains micropores with a size at around 0.5 nm (Fig. 2c). The very slight 

increase in N2 uptake at a very high P/P0 > 0.9 indicates the presence of a few macropores, 

stemming from the aggregation of S-NMC particles. S-NOMMC sample also exhibits a type I 

isotherm with a strong N2 uptake at high P/P0, indicating the presence of micropores and 

macropores. Fig. 2b, c confirm that S-NOMMC contains micropores of 0.5 nm coming from the 

ZIF-8 and macropores with a distribution centred at around 150 nm due to the removal of PS 

spheres. The isotherm of S-NOHPC is of type IV, characteristic of mesoporous materials[46, 47]. The 

mesopores are provided by the silica colloidal templates. The sharp N2 uptake at high P/P0 clearly 

indicates the presence of important macropores. The pore size distributions in Fig. 2b, c confirm 

the presence of micropores of 0.5 nm (Fig. 2c), mesopores of 12 nm, and macropores of 150 nm 
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(Fig. 2b), proving that S-NOHPC is a hierarchically porous carbon with micro-meso-macroporosity. 

After inclusion of Se into those carbon host materials, the N2 adsorption capacity is drastically  

 

Figure 2 (a) N2 adsorption-desorption isotherms, (b, c) Pore size distribution of S-NMC, S-NOMMC, S-

NOHPC and corresponding Se@C composites, respectively. XRD patterns of (d) ZIF-8, S-NMC, S-

NOMMC, S-NOHPC and (e) Se, Se@S-NMC, Se@S-NOMMC and Se@S-NOHPC, respectively. (f) TGA 

plots of prepared Se@S-NMC, Se@S-NOMMC and Se@S-NOHPC composites (T.P.: Turning point). 
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reduced to practically zero (Fig. 2a), suggesting the full occupation of pores of these carbon host 

materials. The surface areas and pore volumes of all the prepared host samples and corresponding 

Se@C composites are listed in Table S2. S-NOHPC containing micro-, meso-, and macro-pores 

achieves the highest specific surface area and pore volume of 1009 m2 g−1 and 0.9 cm3 g−1, 

respectively. Compared with microporous S-NMC (822 m2 g−1), the specific surface area of micro-

macroporous S-NOMMC (493 m2 g−1) is reduced due to the presence of important macropores. 

The S-NOHPC also contains the highest micropore volume. The surface area and porous volume 

of all the Se/C composites are reduced to insignificant values after infiltration of Se, indicating the 

successful and full filling of Se in the pores of S-NMC, S-NOMMC, and S-NOHPC. 

The crystalline structures of all the synthesized materials were analyzed by XRD 

measurements. ZIF-8 in Fig. 2d exhibits its typical crystalline structure (CCDC#602542)[48, 49]. 

Compared with PS and PS/SiO2 templates in Fig. S3, the peaks belonging to ZIF-8 are detected in 

the patterns of ZIF-8@PS and ZIF-8@PS/SiO2, indicating the formation of ZIF-8 in the voids of 

the templates. The carbon hosts (S-NMC, S-NOMMC, and SNOHPC) in Fig. 2d show two broad 

peaks at ~25° and 44°, which belong to amorphous carbon[50]. After Se is infiltrated into the pores 

of those carbon hosts, some small peaks of Se [PDF#06-0362] are still present in the prepared 

Se@S-NMC and Se@S-NOMMC composites (Fig. 2e), reflecting that a small amount of Se is 

present in a crystalline state. This may be due to the lack of diffusion pathways inside S-NMC 

particles and the low surface area of S-NOMMC. While the peaks belonging to selenium 

completely disappear in the obtained Se@S-NOHPC composite, which means that Se is completely 

dispersed into the pores of S-NOHPC and stays in a well-dispersed state[51]. The presence of the 

interconnected micro-meso-macroporosity in SNOHPC favors the facile diffusion and dispersion 

of Se in the core and throughout S-NOHPC particles. The presence of only micropores or micro-

macropores is not favorable for the deep penetration of Se in S-NMC and S-NOMMC particles, 

and some Se crystals are thus found at the external surface of S-NMC and S-NOMMC particles. 

The uniform distribution of Se throughout the S-ONHPC is beneficial for electrochemical reactions. 

TGA was performed to measure the selenium proportion in the as-synthesized composites and 

the results are shown in Fig. 2f. With the increase in temperature, the evaporation of Se in the 

composites occurs in the range of 300–580 °C. Se@S-NMC gives the lowest evaporation 

temperature. The evaporation temperature is related to the adsorption strength of Se in the pores. 

It is interesting to note that there has a turning point (T.P., where evaporation rate changes) in the 
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TG curves of Se@S-NMC and Se@S-NOMMC while the Se in the Se@S-NOHPC evaporates at 

the highest temperature without the turning point. The presence of the turning point for Se@S-

NMC and Se@S-NOMMC can be explained as follows: Se located at the external surface of S-

NMC and S-NOMMC will evaporate first at a lower temperature, and Se located in the pores of S-

NMC and S-NOMMC will evaporate at the higher temperature. The presence of crystalline Se at 

the external surface of Se@S-NMC and Se@S-NOMMC has been revealed by XRD (Fig. 2e). The 

Se evaporation temperature of Se@S-NOMMC is higher than that of Se@S-NMC, indicating that 

the adsorption strength of Se within S-NOMMC is higher than that in S-NMC. The highest 

evaporation temperature found in Se@S-NOHPC illustrates the strongest interaction strength 

between Se and S-NOHPC. The absence of the turning point in Se@S-NOHPC suggests that Se is 

homogeneously dispersed in this sample without the presence of Se crystalline phase, in excellent 

agreement with XRD (Fig. 2e) and EDX mapping (Fig. 1n–p). The Se loading amounts in the 

Se@S-NMC, Se@S-NOMMC, and Se@S-NOHPC were calculated by the weight loss of the 

evaporation, being 68 wt%, 63 wt%, and 63 wt%, respectively. The highest Se loading in Se@S-

NMC is due to the presence of external surface Se crystals.  

XPS measurements were carried out to analyze the chemical nature of the synthesized carbon 

host and corresponding Se@C composites. After Se loading, the Se peaks were detected in the 

overall XPS (Fig. 3a), indicating that Se is well present in the Se@C composites. Besides, C, N, 

and O elements in S-NOHPC host material are present with the contents of 82.05 at%, 11.83 at% 

and 5.65 at%, respectively. N elements originate from the ligand of ZIF-8. The presence of N 

element in S-NOHPC sample indicates that the in-situ N doping in S-NOHPC occurs. The N 1s 

high-resolution spectrum of S-NOHPC in Fig. 3b could be deconvoluted into three peaks, 

corresponding to graphitic-N (404.1 eV), pyrrolic-N (399.6 eV), and pyridinic-N (398.1 eV), 

respectively[52, 53]. It is reported that the pyrrolic-N and pyridinic-N have a stronger binding with 

soluble polyselenides, and pyridinic-N plays an effective role in anchoring the polyselenides[54]. 

The C 1s spectra in Fig. 3c can be deconvoluted into three peaks at 284.6, 285.6, and 289.7 eV, 

which are associated with the C–C sp2-hybridized graphitic carbon, C–N/C–C, and C=O/C=N, 

respectively.[55] This indicates that the elements of N are tightly doped in the carbon host material. 

The Se 3d spectrum in Fig. 3d shows a typical nature of Se, and the three peaks at 55.1, 56.0 and 

58.1 eV correspond to Se 3d5/2, Se 3d3/2, and Se–O/Se–C, respectively. The existence of Se–O and 

C=O may be originated from the oxidation reaction of the Se/C composite material with the surface 
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adsorbed O2. The high-resolution spectrum of N 1s, C 1s, and Se 3d in Se@S-NMC and Se@S-

NOMMC are similar to that of Se@S-NOHPC. 

 

Figure 3 (a) The overall XPS of Se, S-NMC, S-NOMMC, S-NOHPC, and corresponding Se@C composites. 

The high-resolution spectrum of S-NOHPC: (b) N 1s, (c) C 1s, and (d) Se 3d, respectively. 

3.2 Electrochemical properties 

Selenium cathodes based on the obtained composite materials were prepared and assembled 

in CR2032 type-coin cells for electrochemical evaluation. Fig. S4a–c display the typical CV curves 

of Se@S-NOHPC, Se@S-NOMMC, and Se@S-NMC electrodes, respectively. Two characteristic 

cathodic peaks can be observed in all three CV curves, indicating that the discharge process follows 

a solid-liquid-solid conversion mechanism[56]. The first cathodic peak at the high voltage 

corresponds to the reaction of Se to dissoluble intermediate of Li2Sen (4 ≤ n ≤ 8), and the second 

cathodic peak at lower voltage is ascribed to the production of Li2Se[57]. Only one anodic peak at 
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~2.23 V appears in the charging process of Se@S-NOHPC and Se@S-NOMMC due to the overlap 

of two peaks of Li2Se to Li2Sen and Li2Sen to Se. Besides the peak at 2.23 V, another anodic peak 

at 2.05 V appears in Se@S-NMC and may be due to the slow intermediate polyselenide 

transformation solely in the micropores. Moreover, a small cathodic peak (at ~1.7 V in Se@S-

NOHPC and Se@S-NOMMC and ~1.56 V in Se@S-NMC) in the first cycle appears because the 

electrolyte reduction at the low voltage forms an insulating SEI layer on the carbon host. The 

cathodic peak at 1.7 V in the CV curve of the pure S-NOHPC (Fig. S4d) confirms that its 

appearance is due to SEI formation rather than Se reaction. With the formation of SEI layer and Se 

activation of the Se@S-NOHPC in the first few cycles, the cathodic/anodic peaks undergo a shift. 

Afterwards, the obtained stable SEI layer and the accomplishment of most Se activation in Se@S-

NOHPC cathode lead to the good overlap of the curves, meaning that the reaction keeps a good 

reproducibility. While the first-plateau-voltage saltation in Se@S-NMC still persists in the 10th 

cycle, which is due to the fact that solely the micropores structure is not good for the transfer of 

electrolyte and ions. The comparison of those three cathodes in the 10th cycle is shown in Fig. 4a. 

The Se@S-NMC electrode has a low current density and a large potential difference between 

cathodic and anodic peaks (ΔV of 0.17 V) due to the unfavorable ion transfer solely in micropores. 

The value of current density and ΔV (0.13 V) of SNOMMC have some degree of improvement 

owing to the internal micro-/macroporous electrolyte pathways. The Se@S-NOHPC electrode 

exhibits the highest current and the smallest ΔV of 0.04 V, indicating its superior electrochemical 

performance, faster redox kinetics, and decreased polarization during cell operation compared with 

the other two electrodes[21]. This is due to the presence of the interconnected hierarchical micro-

meso-macropores and polar N-doped sites of S-NOHPC which can enhance the ion transfer and 

entrapping ability of polyselenides, and accelerate the solid-liquid-solid electrochemical 

conversion[58]. The galvanostatic discharge/charge profiles of all the electrodes are displayed in Fig. 

S5. Se@S-NOHPC demonstrates the lowest voltage hysteresis of 0.123 V and exhibits minimal 

growth in the subsequent cycling, while Se@S-NMC and Se@S-NOMMC give the much higher 

values of 0.186 and 0.211 V, respectively. This indicates that Se@S-NOHPC cathode possesses 

the fastest electrochemical reaction kinetics and the lowest resistance[59]. The two platforms of the 

discharge curve correspond to the two cathodic peaks of the CV plot, ascribed to the conversion of 

Se to Li2Se, with the intermediate Li2Sen. 
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The phase-conversion process of the Se@S-NOHPC cathode was investigated by the in situ 

XRD characterization, as shown in Fig. 4b and Fig. S6. The broad peak at ~25° is due to the 

amorphous carbon. The peaks of Se (100) at 23.5° and Se (101) at 29.7° are detected at the 

beginning of the first discharge. With the time going, these peaks gradually disappear at the end of 

the first discharge plateau (Fig. S6) and no other diffraction peaks are detected. This is due to the 

fact that the products in this period are soluble polyselenides[60, 61]. Then, the peak of Li2Se 

(PDF#23-0072)[1] at 25.7° appears and increases to the maximum value at the end of the first 

discharge. The phenomenon indicates that Se has already completely transformed to Li2Se with the 

intermediate soluble polyselenides. During the first charge process, a reverse reaction undergoes, 

the Li2Se goes back to Se, and the peaks belonging to Se are detected again. The second cycle will 

repeat the reaction of the first cycle. Compared with the first cycle, the peaks of the second cycle 

become weaker, which reflects that Se is gradually present in the state of chain Se rather than cyclic 

crystal Se8. This is beneficial for the further delithiation/lithium reaction. 

The EIS measurement was performed to investigate the internal resistance of the battery. The 

raw and the 5th cycled cathode impedance spectra of the as-prepared Se@C composites are shown 

in Fig. 4c. The Nyquist plot of the raw cathode consists of a semicircle in the high-frequency region 

and a sloped line in the low-frequency region. The semicircle is associated with the charge transfer 

resistance (Rct), while the linear slope refers to the Warburg impedance reflecting the ion 

diffusion[62, 63]. For raw Se@S-NOMMC, the value of Rct is 38.8 Ω, which is lower than that of 

Se@S-NMC (42.9 Ω) due to the introduction of interconnected micro-/macro-porous channels 

accelerating the transportation of the ions. The battery with Se@S-NOHPC cathode has a further 

decrease, achieving the smallest Rct value of 34.4 Ω for the reason of interconnected micro-, meso-, 

and macro-pores leading to even faster ion/electron transfer. It is interesting to find that the second 

semicircle in extra high-frequency region of the spectra appears, which is due to the existence of 

the formed SEI layer (RSEI)[64]. The Nyquist plots are established by the equivalent circuit given 

in the inset of Fig. 4c and the fitted parameters are summarized in Table S3. The Se@S-NMC has 

a high value of RSEI of 23.6 Ω because the volume expansion causes uneven destroyed surface, 

which is not beneficial to the ion diffusion and further reaction. Compared with Se@S-NMC, the 

SEI resistance value of Se@S-NOMMC decreases to 16.6 Ω and that of S-NOHPC is as low as 

11.5 Ω for its uniform SEI layer on the surface of the structurally stable S-NOHPC[65]. Notably, 

the Rct values of Se@S-NOHPC and Se@S-NOMMC decrease after first 5 cycles of activation, 
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while that of Se@S-NMC increases to 50.7 Ω, owing to the structural damage caused by the volume 

expansion. Because of the preserved structural stability in the interconnected micro-meso-

macroporous structure and rapid mass transfer, Se@SNOHPC possesses the smallest value of Rct 

and RSEI, reflecting its good charge transferability, thereby leading to much better electrochemical 

performance. 

 

Figure 4 (a) CV curves of Se@C cathodes at 0.1 mV s-1, (b) The in situ XRD characterization of the Se@S-

NOHPC cathode in 2 discharge/charge cycles, (c) Nyquist plots and the equivalent circuit model (inset), (d) 

Cycling performance at 0.2 C and (e) Rate performance at different current densities of the Se@C cathodes. 
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The formed SEI layer on the surface of the cycled Se@S-NOHPC cathode material was 

further studied by XPS measurement and the result is shown in Fig. S7. Compared with Se@S-

NOHPC fresh cathode, the intensity of the O 1s has an obvious increase and a new peak of F 1s 

appears in Fig. S7a. These two elements are the main components of the SEI layer, clearly 

indicating the formation of the SEI layer on the surface of the cathode. The high-resolution Li 1s 

and F 1s spectra of cycled Se@S-NOHPC are shown in Fig. S7b, c. The Se 3d and Li 1s are in the 

same range of binding energy; besides the three peaks of Se, a new peak of Li2CO3 appears at 52.8 

eV due to the side reaction between the electrolyte and lithium species[66, 67]. Also, in the F 1s 

spectrum, two peaks belonging to LiF (684 eV) and C–F (688 eV) are convoluted, confirming the 

formation of the important SEI layer[68]. 

The stability of the three as-prepared Se@C composites was tested at the current density of 

0.2 C and the results are shown in Fig. 4d. The capacity of Se@S-NMC quickly decays and reaches 

a value of 312 mA h g−1 after 200 cycles. This poor performance is due to the presence of partially 

crystalline selenium at the external surface and the small micropores preventing the good transfer 

of the lithium species as well as the structural failure due to volume expansion. Benefiting from 

the introduction of macropores to accelerate the ion transfer, and the enhanced adsorption of 

polyselenides by N doping, the capacity retention of Se@S-NOMMC reaches an improved value 

of 348 mA h g−1. Importantly, Se@S-NOHPC exhibits the highest initial and 2nd discharge capacity 

of 927.7 and 658 mA h g−1 and remains 367 mA h g−1 after 200 cycles, with a Coulombic efficiency 

(CE) of almost 100%. The highly improved capacity and stability are owing to the uniformly 

distributed amorphous selenium, further accelerated ion transfer in the interconnected 

hierarchically micro-meso-macroporous channels, N-doping-enhanced adsorption of the 

polyselenides and their rapid transformation. The galvanostatic discharge/charge profiles of Se@S-

NOHPC in 200 cycles are shown in Fig. S8. The initial discharge and charge capacities are 927.7 

and 742 mA h g−1, with the CE value of 80%. The higher capacity than theoretical value (675 mA 

h g−1) and the lower CE are due to the generation of the SEI layer and the Se activation process in 

the first cycle. The cycling performance of the pure S-NOHPC was tested to investigate the 

capacity from the contribution by the SEI formation. From the result of Fig. S4e and f, the capacity 

produced by the pure S-NOHPC host can reach a value of 262 mA h g−1 in the first cycle owing to 

the electrolyte undergoing a decomposition at low voltage and the formation of an SEI layer on the 

surface of the carbon host. Then, the formed SEI layer separates the carbon host from electrolyte, 
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avoiding further decomposition of the electrolyte. Thus, the capacity offered by pure S-NOHPC 

rapidly drops to a low level, and Se makes the main contribution to the capacity of the Se@S-

NOHPC in the following cycles. 

Rate capability and its restoration ability were tested to analyze battery operation under 

different current densities. As presented in Fig. 4e, Se@S-NOHPC possesses the best rate 

performance with the highest capacity of 658, 554, 438, 367, 305, and 230 mA h g−1 at current 

densities of 0.1, 0.2, 0.5, 1, 2, 5 C, respectively. When the current restores to 0.1 C, the capacity 

soon recovers to 477 mA h g−1, achieving 72% of the initial value, indicating superior reversibility. 

While the discharge values of the Se@S-NOMMC and Se@S-NMC at 5 C are 158 and 49 mA h 

g−1, respectively. The best rate capability of Se@S-NOHPC is due to the synergy of the hierarchical 

structure constructed by interconnected channels that accelerates the transfer of ions, and the strong 

interaction between N-doped sites and polyselenides that inhibits the shuttle effect and boosts the 

reaction kinetics. 

The lithium species (Li+ and Li2Sen) diffusion coefficient (D) was analyzed by the GITT 

measurement[69, 70]. The test was conducted on five cycles of activated cells at a current density of 

0.1 C with 10 min discharging/charging and then 40 min relaxing. The ion diffusion coefficients 

were calculated based on Fick’s second law. The specific method is shown in the Supplementary 

information (Fig. S9). The calculated D results of different cathodes are summarized in Table S3[71].  

 

Figure 5 (a) Potential response of GITT measurement in the range of 1.5–2.6 V vs. Li+/Li at 0.1 C and (b) 

Calculated D from the GITT data of Se@S-NOHPC. 
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The GITT potential response and calculated D values of Se@S-NOHPC as the representative 

sample are shown in Fig. 5. Se@S-NOHPC achieves the highest ion diffusion coefficient of 4.44 

× 10−10 cm2 s−1, meaning the fast diffusion of Li+ as well as Li2Sen on the surface of host material. 

Such fast ion diffusion combined with the polar N-doped sites that enhance strong adsorption of 

polyselenides results in the quick transformation of polyselenides, thus reducing the dissolution of 

Li2Sen and subsequent diffusion out of the cathode. The D value of Se@S-NOMMC has a little 

decrease at 4.25 × 10−10 cm2 s−1 and Se@S-NMC possesses a D value of 4.59 × 10−11 cm2 s−1, being 

ten times lower than the other two cathodes. That indicates the most importance of the synergy of 

the quick ion transfer and strong adsorption of polyselenides. Only with the strong adsorption of N 

doping in S-NMC but the absence of interconnected channels for ion transfer, the N-doped sites 

will soon be fully occupied by polyselenides and the accumulated polyselenides soon diffuse out 

of the cathode. The accelerated ion transfer by the interconnected micro-meso-macroporous 

channels of S-NOHPC fully demonstrates the synergistic advantages of the strong adsorption by 

N-doped polar sites. 

The stability is firmly dependent on the adsorption strength of the host to the polyselenides. 

The strong interaction between Se species and carbon host materials was further demonstrated 

through visualized Li2Se6 adsorption experiments. Compared with the pure polyselenides (Li2Se6) 

solution with a brown color, the solution with soaked S-NMC and S-NOMMC shows a redyellow 

and very light yellow color, respectively, while the solution with the presence of S-NOHPC almost 

turns to colorless. The result indicates that the S-NOHPC possesses the strongest adsorption ability 

to selenium species. The obtained supernatants were collected and diluted for further analysis by 

UV-vis absorption measurements, and the test results are shown in Fig. 6a. The characteristic peak 

at ~340 nm refers to the absorption of Li2Se6. The higher the absorption of the solution, the higher 

the intensity of Li2Se6. The spectrum of blank shows a high intensity of Li2Se6, the solution from 

the S-NMC and S NOMMC displays a sharp drop and the intensity of S-NOHPC exhibits the 

lowest value. This indicates that the S-NOHPC possesses stronger adsorption ability to soluble 

polyselenides due to its rational hierarchical structure and N doping, which is beneficial to 

preventing the shuttle effect and could also catalyze the subsequent conversion of polyselenides[72]. 

XPS measurement of the precipitation after Li2Se6 adsorption experiment was subsequently 

conducted to investigate the chemical interaction mechanism between Se species and post-

adsorbed S-NOHPC. Compared with the raw S-NOHPC host material, the XPS spectrum of the  
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Figure 6 (a) Visualized Li2Se6 adsorption experiments and UV-vis spectra of Li2Se6 solution adsorbed by 

S-NMC, S-NOMMC, and S-NOHPC, (b) N 1s high-resolution XPS spectra of pristine S-NOHPC and S-

NOHPC adsorbed by Li2Se6 (Li2Se6-S-NOHPC), (c) Schematic illustration for reaction process in the 

Se@S-NOHPC composites. 

post-adsorbed S-NOHPC shows a new peak corresponding to N–Se[73]. This result suggests that 

there is strong chemical adsorption between S-NOHPC and Se species through N–Se bonds. Thus, 

the enhanced adsorption ability of S-NOHPC is due to the physical adsorption from the rational 

design of three-scale pores and the chemisorption from N-doping. 

To better illustrate the advantages of the structure design for the superior battery performance, 

a schematic illustration is shown in Fig. 6c. The introduction of the interconnected mesoporous and 

macroporous channels in addition to micropores is beneficial to the quick ion transfer and can 

alleviate the volume expansion. The interconnected carbon framework accelerates the electron 

transfer. When the Li+ and electrons reach the micropores and mesopores loaded with Se, the 

reaction happens in the rich sites. The produced polyselenide intermediate is rapidly transferred 
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and adsorbed on the surface of the S-NOHPC host material by the physical adsorption provided by 

micropores and the strong chemisorption brought by the in-situ doped N, thereby accelerating the 

conversion kinetics of the battery and inhibiting the shuttle effect. Thanks to the rational design of 

S-NOHPC integrating all the characteristics required for the superior electrochemistry, Se@S-

NOHPC realizes the best performance in the Li-Se battery. 

Conclusions 

Single-crystal MOF-derived N-doped ordered hierarchically porous carbon with three scale pores 

of micro-, meso- and macro-porosity was successfully prepared with the help of templates and a 

saturated solution-based double-solvent-assisted strategy. The micropores from the nature of ZIF-

8 and the introduced mesopores provide the loading space for active Se. The interconnected 

mesoporous and macroporous channels shorten the ion transfer pathways and effectively buffer 

volume expansion. Owing to the advantages of the three length scales of pore sizes and N-doping 

enhanced polyselenides adsorption strength, Se@S-NOHPC achieves the highest 2nd discharge 

capacity of 658 mA h g−1 and retains 367 mA h g−1 after 200 cycles at 0.2 C. The capacity of Se@S-

NOHPC can reach 230 mA h g−1 at the high current density of 5 C. Our work provides a novel 

method to introduce mesopores and ordered macropores inside a single-crystal MOF-derived 

carbon host. The excellent electrochemical performance fully shows the advantages of the 

hierarchically porous structure design and heteroatom doping, which maybe give an important 

guideline for the applications in other fields. 
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Supplementary information 

 

Boosting reaction kinetics and shuttle effect suppression by single-crystal MOF-derived N-

doped ordered hierarchically porous carbon for high performance Li-Se battery 

Synthesis polystyrene spheres (PS): Monodisperse polystyrene spheres with a diameter of 400 

nm were synthesized in emulsion polymerization method. In typical, 59 ml of styrene without 

polymerization inhibitor (clean with 1 M NaOH solution and deionized water) was added into 500 

ml of deionized water containing 0.6 g of sodium laurylsulfonate. After bubbling with the nitrogen 

gas for 15 min, the mixture was raised to 74 °C under stirring and kept for half an hour. 

Subsequently, 0.2 g of potassium persulfate solution was quickly dumped into the mixture under 

stirring and continue to react for 24 h under a nitrogen atmosphere. After cooling down to room 

temperature, a milk-like product containing monodispersed PS spheres were obtained. 

 

Figure S1 SEM image of ordered PS template. 
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Figure S2 (a-c) SEM images and (d-f) TEM images of S-NOMMC. 
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Figure S3 XRD patterns of ZIF-8, PS, PS/SiO2, ZIF-8@PS and ZIF-8@PS/SiO2. 
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Figure S4 CV curves of (a) Se@S-NOHPC, (b) Se@S-NOMMC, (c) Se@S-NMC and (d) pure S-NOHPC 

cathode, Cycling performance (e) and the galvanostatic discharge/charge profiles (f) of pure NOHPC at 0.2 

C. 
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Figure S5 The galvanostatic discharge/charge profiles of Se@S-NOHPC, Se@S-NOMMC, and Se@S-

NMC cathodes. 
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Figure S6 The in situ XRD characterization (2θ: 15–35°) of the Se@S-NOHPC cathode. 
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Figure S7 (a) XPS spectra of S-NOHPC, Se@S-NOHPC and corresponding fresh/cycled cathode film, 

High-resolution spectrum of cycled Se@S-NOHPC: (b) Se3d (Li 1s), (c) F 1s. 
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Figure S8 The galvanostatic charge/discharge profiles of Se@S-NOHPC in 200 cycles at the current of 0.2 

C. 
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The lithium species diffusion coefficients D are obtained from the potential response to a small 

constant current pulse via the formula[1, 2]: 

D =
4

πτ
(
m V

M S
) (

∆E

∆E
)  

where τ is the constant current pulse time, mB, VM, and MB denote the mass, the molar volume, and 

the molar mass of the active material, respectively, S is the contact area between electrode and 

electrolyte, ΔEs the change of the steady-state voltage during a single-step GITT experiment, and 

ΔEt the total change of cell voltage during a constant current pulse τ of a single-step GITT 

experiment neglecting the IR-drop, as shown in Fig. S8. The GITT method allows the evaluation 

of D as a function of the potential. Because of the change of the concentration of ions and the 

polarization during the different charge/discharge states, the calculated value of D is varied. Thus, 

the average value is used to evaluate the chemical diffusion coefficient inside the battery. 

 

Figure S9 Scheme for GITT experiment: (a) the constant current pulse, (b) Corresponding potential 

response. 
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Table S1 Template used in the synthesis process and the pores include in the different carbon host 

materials. 

samples Method Pores included 

S-NMC Without template Micropores 

S-NOMMC PS template Micro-, mesopores 

S-NOHPC PS/SiO2 template Micro-, meso-, macropores 
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Table S2 Porosity of different carbon host materials and the corresponding Se@C composites. 

Samples SBET (m2 g-1) Pore volume (cm3 g-1) Micropore volume (cm3 g-1) 

S-NMC 822 0.44 0.38 

Se@S-NMC - - - 

S-NOMMC 493 0.46 0.23 

Se@S-NOMMC 6 - - 

S-NOHPC 1009 0.91 0.44 

Se@S-NOHPC 17 0.12 - 
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Table S3 Value of resistance of EIS (REIS), charge transfer resistance (Rct) and lithium species 

diffusion coefficient (D). 

Samples Rct of raw (Ω) REIS at 5th (Ω) Rct at 5th (Ω) D (cm2 s-1) 

Se@S-NOHPC 34.4 11.5 7.2 4.44×10-10 

Se@S-NOMMC 38.8 16.6 19.7 4.25×10-10 

Se@S-NMC 42.9 23.6 50.7 4.59×10-11 
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Polar adsorption and catalytic bifunctional particles suppress the shuttle effect 

by dual-adsorption catalysis to achieve high performance Li-Se battery 
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Abstract 

Li-Se batteries have attracted increasing attention owing to their high energy density. However, 

limited by the shuttle effect of the soluble lithium polyselenides (LiPSes: Li2Sen, 4≤n≤8), there are 

still certain challenges for their commercialization. Realizing the rapid transformation of LiPSes 

to Li2Se and reducing their diffusion out of the cathode are critical issues for achieving both the 

high specific capacity and long term stability of the battery. In this work, CoSnO3 nanoparticles in-

situ decorated in interconnected porous multi-walled carbon nanotubes (CNTs) network 

functionalized with oxyphilic groups and synthesized CoSnO3/CNTs composite. CoSnO3 

nanoparticles worked as redox accelerator for the first time to promote the bidirectional conversion 

of polyselenides by decreasing the reaction energy barrier and accelerating electrochemical kinetics. 

The interconnected high conductive three dimensional porous structure of CNTs possesses a high 

surface area is favorable for the fast transfer of electrons and ions, as well as the confinement of Se 

species. While CoSnO3 nanoparticles tightly rivet the dissolved polar polyselenides by strong 

chemisorption. Compared with Se@CNTs cathode, the Se@CoSnO3/CNTs cathode achieves a 

great improvement, exhibiting a high initial discharge capacity of 730 mA h g-1 which remains at 

330 mA h g-1 after 200 cycles. At the high current density of 2 C, the capacity of the 

Se@CoSnO3/CNTs can reach a value as high as 153 mA h g-1. This work demonstrates the positive 

effects of introducing polar particles into the porous host materials and reveals their catalytic 

functional mechanism, giving a clear guiding for suppressing the shuttle effect for the future high-

performance batteries. 

 

Keywords: Shuttle effect; Polar particles; Porous CoSnO3; Interconnected carbon nanotubes 

(CNTs); Chemisorption; Li-Se battery 
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1. Introduction 

Lithium-selenium (Li-Se) batteries, as one of the competitive candidates of energy storage 

devices, have attracted much attention owing to their higher gravimetric capacity (675 mA h g-1) 

than that of Li-ion battery (274 mA h g-1). The high volume specific capacity (3253 mA h cm-3) of 

Se cathode is comparable to that of Li-S batteries (3467 mA h cm-3) but with a much higher 

electrical conductivity of Se (1×10-3 S m-1) than S (5×10-28 S m-1)[1-3]. However, same with Li-S 

battery, the shuttle effect also exists in Li-Se batteries. That is due to the solid-liquid-solid 

electrochemical transformation during discharge/charge process. The dissolved intermediate 

lithium polyselenides (Li2Sen, 4≤n≤8) shift between cathode and anode, leading to the loss of active 

Se species and the deposition of non-conductive Li2Se on the anode surface by direct reaction with 

Li[4, 5]. In addition, due to the low density of the Li2Se discharge products, the cathode undergoes 

a volume expansion, resulting in its peeling off[6-8]. The shuttle effect and volume expansion 

eventually lead to the short lifespan and rapid capacity decay of the Li-Se battery. 

To achieve high performance Li-Se batteries, confining lithium polyselenides inside the Se 

cathode is a promising technology to solve these problems[9]. Porous carbon frameworks that 

possess strong adsorption towards polyselenides have been largely used[10]. For example, Lei et al. 

and Yan et al. respectively dispersed Se into microporous carbon spheres and porous monodisperse 

carbon spheres, and the obtained electrode materials achieved stable cycling performances[6, 11]. 2D 

micro-mesoporous carbon nanosheets with high graphitization degree of carbon as Se host material 

have been proven beneficial for fast Li+/e– transfer and high Se utilization[12]. Carbon nanotubes 

(CNTs) have been studied as host materials in Li-Se batteries due to their unique advantages[13]. 

Firstly, one-dimensional interconnected CNTs with high degree graphitization can achieve fast 

electron transport, which is indispensable for rapid Lithiation/Delithiation reactions[14]. Besides, 

the hollow tube in CNTs provides space for Se loading. Moreover, the interconnected mesh 

structure is beneficial for ions transfer and also buffers volume expansion caused by the low density 

of Li2Se products[15]. Most importantly, CNTs can be easily decorated by oxygen-containing 

functional groups, which provide sites for in-situ growth of target particles on their surfaces[16, 17]. 

Given these advantages, considerable materials such as CNTs@graphene/CNTs[18], 

CNTs/MXene[19] and CNTs microspheres[20] were synthesized and applied in batteries. 
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However, the weak adsorption strength of the non-polar carbon material is insufficient to 

ensure that the polar polyselenides are anchored inside[21-23]. Density functional theory (DFT) 

calculations indicate that oxygen-rich, nitrogen-rich and sulfur-rich groups have high affinity for 

lithium species and exhibit high adsorption strength to polyselenides[24, 25]. Thus, introducing polar 

sites with these lithiophilic groups in carbon host materials is a promising strategy to enhance the 

adsorption of lithium polyselenides[26]. Doping carbon host with heteroatom is proved to be one of 

the effective ways to achieve the strong chemisorption. Song et al. fabricated N-doped core-shell 

hierarchically porous carbon frameworks, the binding energy between Li2Se and substrate was 

increased from 1.66 eV on graphene to 4.49 eV on the N doped carbon host, which relieved the 

shuttle effect to some extent[27]. Mendes et al. dispersed Se in the N, S, O tri-doped mesoporous 

carbon and the battery with obtained composite performed a good cycle stability[28]. However, the 

very limited adsorption sites and reduced conductivity due to doping-induced breakage of the 

conjugation structure motivate researchers to seek more effective selenium fixation strategies. 

Introducing the polar particles into the cathode framework, such as metal oxides, nitrides and 

sulfides, where the elements of N, O, S have a strong affinity with lithium polyselenides, have 

become a simple and promising method to suppress the shuttle effect. Due to the high 

electronegativity of oxygen, the binding energy contribution of Li–O is higher than that of Li–N 

and Li-S[29-31]. Thus, oxides such as TiO2
[32], Al2O3

[33], CeO2
[34] have been introduced into the 

carbon frameworks. It is proven that these polar particles have strong adsorption to the polar 

polyselenides and could tightly fix them inside of the cathode. 

Besides of strong chemisorption to polyselenides, it proved that the transition metal oxides 

(TMO) can well work as catalyst to reduce the reaction energy barrier in the discharge/charge 

process[35]. Transition metal oxides such as MnO2
[36], V2O5

[37], MoO3
[38, 39] have been used in 

batteries and performed the functions of adsorption and catalytic. Besides their appropriate 

adsorption strength to polyselenides, increasing the surface area of these low conductive polar 

particles is essential to ensure quick Li+ transfer capability. Amorphous CoSnO3 with porous 

structure is very well suitable for its higher density of catalytically active sites[40]. Moreover, the 

diffusion limitations in conventional heterogeneous catalysis no longer exists due to its porous 

structure[41]. Since the two types of metal elements have different expansion coefficients, the binary 

transition-metal oxides could function as a soft matrix to buffer the volume expansion[42, 43]. 

Regarding to the CoSnO3, Co is used as a conductive parts, and Sn is used as a buffer matrix 
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parts[44]. These CoSnO3 polar nanoparticles can therefore more efficiently confine the dissolved 

polyselenides and catalyze the lithiation/delithiation reaction. Due to its numerous advantages, the 

amorphous CoSnO3 was applicated in fields of Li-ion battery[45-47], Li-S battery[48], Na-ion 

battery[49, 50], Li-O2 battery[51] and photocatalysis[52]. 

In this work, CoSnO3 decorated oxyphilic groups functionalized CNTs porous framework was 

synthesized by a facile co-precipitate method. The obtained CoSnO3/CNTs composite was used as 

advanced Se host in Li-Se battery to suppress the shuttle effect. The excellent electrical 

conductivity and porous structure of interconnected CNTs and the enhanced chemisorption and 

transformation of LiPSes by polar CoSnO3 particles is beneficial the electrochemical reaction. The 

Se@CoSnO3/CNTs cathode thus achieves a great improvement in battery performance with a high 

specific capacity of 730 mA h g-1, remains at 330 mA h g-1 after 200 cycles. Even at a high rate of 

2 C, the capacity can reach 153 mA h g-1. The higher value of Binding Energy (EB) of 

CoSnO3/CNTs to polyselenides than CNTs reflects the enhanced adsorption. The reduced free 

energy in the lithiation process reveals the catalytic function of CoSnO3 by loosening some bonds 

inside of polyselenids to be easily opened. The result reflects combining polar particles with the 

conductive carbon frameworks is a simple and effective method to improve the electrochemical 

performance of Li-Se battery. 

2. Experimental 

2.1. Chemicals: Tin (IV) chloride (SnCl4, 98%, Sigma-Aldrich), cobalt (II) chloride (CoCl2, 97%, 

Alfa Aesar), trisodium citrate dihydrate (C6H5Na3O7·2H2O, 99%, Roth), ethanol (absolute, ≥ 

99.8%, Fisher Chemical), sodium hydroxide (NaOH, ≥ 98%, Roth), carbon nanotubes (CNTs, 

>96%, Nanografi Nano Technology), lithium selenide (Li2Se, 99.95%, Xian function material 

group Co. Ltd.) and selenium (~100 mesh, ≥ 99.5%, Sigma-Aldrich). All the chemicals involved 

in this work were of analytical grade and were used without further purification. 

2.2. Preparation of functionalized CNTs: 1 g CNTs were dispersed in a 200 ml mixture of H2SO4 

and HNO3 with a volume ratio of 1:3 and refluxed at 70 °C for 4 h. The mixture was then diluted 

and washed with deionized water until pH 7 was reached. Finally, the functionalized CNTs rich 

with -COOH group were obtained by filtration and overnight drying at 60 °C. 

2.3. Synthesis of CoSn(OH)6/CNTs: 200 mg of functionalized CNTs were dispersed in 175 ml 

deionized water and sonicated for 30 min. Then, 1.19 g CoCl2 and 1.47 g sodium citrate dihydrate 
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were dissolved in the above CNTs dispersion and marked as solution A. 1.75 g SnCl4 was dissolved 

in 25 ml ethanol and marked as solution B. Solution B was then poured into solution A under 

stirring. After 30 min, 25 ml of a NaOH (2 M) aqueous solution was added dropwise and kept 

stirring for 2 h. The CoSn(OH)6/CNTs was obtained by centrifugation and washed with deionized 

water and ethanol for three times, respectively. Finally, the obtained sample was dried overnight at 

50 °C. As a comparison, CoSn(OH)6 nanocubes without CNTs were synthesized using the same 

process, except for the absence of CNTs in solution A. 

2.4. Preparation of CoSnO3/CNTs: The obtained CoSn(OH)6/CNTs composite was placed in a 

tubular furnace and calcined stepwise at each temperature of 150 °C, 300 °C and 500 °C for 2 h 

under argon atmosphere at a ramp rate of 2 °C min-1. After cooling, the CoSnO3/CNTs composite 

was obtained. The reference CoSnO3 was obtained by annealing CoSn(OH)6 in the same process. 

2.5. Synthesis of Se@CoSnO3/CNTs composite: The Se@CoSnO3/CNTs composite was 

fabricated by melting-diffusion method. Specifically, the as-prepared CoSnO3/CNTs and Se 

powder were fully mixed by mortar grinding at a mass ratio of 1:2. Subsequently, the mixture was 

moved to a tubular furnace and heated at 260 °C for 20 h at a ramp rate of 2 °C min-1 under argon 

atmosphere. The temperature was further increased to 300 °C and purged for another 2 h for surface 

Se removal. After cooling to room temperature, the Se@CoSnO3/CNTs composite was obtained. 

For comparison, CNTs and CoSnO3 were treated in the same way and the products were named as 

Se@CNTs and Se@CoSnO3, respectively. 

2.6. Preparation of Li2Se6 solution: Li2Se and Se powder with the molar ratio of 1:5 were added 

into a mixed solution of 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (v/v = 1/1). After 

stirring at 60 °C for 12 h in the glovebox, the red brown Li2Se6 solution was obtained. The 

concentration of Li2Se6 solution was 0.01 M. 

2.7. Visualized Li2Se6 absorption measurement: 20 mg of the dried host materials (CoSnO3, 

CNTs, and CoSnO3/CNTs) were added to 20 mL of a Li2Se6 solution (2 mM) and stirred for 10 

min followed by stewing in the glovebox. After 20 h of polyselenides (Li2Se6) adsorption by the 

host materials, the supernatant was extracted and diluted for UV-vis measurement. The precipitate 

was collected and washed with DME for further XPS analysis. 

2.8. Li2Se6 based symmetric cell assembly and electrochemical test: The electrodes were 

fabricated by coating the slurry of host materials (CoSnO3, CNTs, or CoSnO3/CNTs), Super P, and 
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sodium alginate (SA, Sigma-Aldrich) with a mass ratio of 8:1:1 with an appropriate amount of 

deionized water as solvent on aluminum foil and dried under vacuum at 60 °C for 12 h. The 

obtained 14 mm disc electrodes served as working and counter electrodes at the same time, glass 

microfiber filters (GF/D, Whatman #1823-150) as separator and Li2Se6 solution (0.01 M) as 

electrolyte. Then, the cyclic voltammetry (CV) and Electrochemical impedance spectroscopy (EIS) 

of the assembled symmetric cells were tested. 

2.9. Materials characterization 

The morphology of the synthesized host materials and their corresponding Se/host composites 

was investigated by field emission scanning electron microscopy (FESEM, JSM-7500F) at 5 kV 

and transmission electron microscopy (TEM, Tecnai 10) at 100 kV. High-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM), high-resolution transmission 

electron microscopy (HRTEM), and selected-area diffraction (SAED) were performed using a 

Thermo Fisher Talos microscope fitted with a Super-X energy-dispersive X-ray spectroscopy 

(EDX) system operated at 200 kV. The crystalline phase were investigated by X-ray diffraction 

(XRD, PANalytical X’pert Pro) with Cu Kα radiation (=1.5418 Å). The in-situ XRD was carried 

out in STOE STADI-MP powder diffractometer with Cu Kα1 radiation (λ=1.54056 Å) in Bragg–

Brentano geometry The thermogravimetric analysis (TGA) measurements were carried out on 

Mettler Toledo TGA/DSC3+ analytical instrument to determine the Se percentage in the Se/host 

composites from 25 to 800 °C with a heating rate of 2 °C min-1 under nitrogen atmosphere. The 

Brunauer-Emmett-Teller (BET) was employed by N2 physisorption using ASAP 2420 apparatus 

(Micromeritics Instrument Corp., USA) at 77 K to analyze the surface area and pore size 

distribution. X-ray photoelectron spectroscopy (XPS) analysis was performed in an Thermo 

Scientific K-Alpha XPS system (Thermo Fisher Scientific, UK) with a monochromatic Al Kα X-

ray radiation to study the surface chemical states of the samples. The UV–vis analysis was 

performed on Perkin Elmer 750s UV/Vis/NIR spectrophotometer. 

2.10. Electrochemical measurements 

The CR2032 coin-type cells were assembled in an Ar-filled glove box (O2 and H2O<1 ppm, 

Vigor-SG1200/750TS, LTD, Suzhou) to measure the electrochemical performance of the 

synthesized cathodes. The Se/host composite, Super P and sodium alginate with a mass ratio of 

8:1:1 were mixed and ball-milled with deionized water as solvent to get the slurry. Then the 
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obtained slurry was coated on an aluminium foil and dried overnight under vacuum at 60 °C. The 

Se cathode was obtained by cutting the coated aluminium foil into discs with a diameter of 14 mm. 

The cell was layer constructed with selenium cathode, Whatman glass microfiber filters (GF/D) 

separator, and lithium foil anode. Commercial 1.0 M LiTFSI in DME/DOL (1:1, v/v by volume) 

with 1.0% LiNO3 additive was used as the electrolyte. The CV and EIS measurements of the Li-

Se cells and symmetric cells were performed on an LK 2005A electrochemical workstation at 0.1 

mV s-1 in the voltage range of 1.5–2.6 V (vs. Li+/Li) and frequency range of 100 kHz–0.01 Hz with 

an AC voltage amplitude of 5 mV, respectively. Galvanostatic discharge/charge performance was 

conducted on a Land CT2001A multi-channel battery testing system in the voltage range of 1.5–

2.6 V (vs. Li+/Li) at different current densities. The galvanostatic intermittent titration technique 

(GITT) measurement was also carried out on the Land CT2001A multi-channel battery testing 

system with a repeat of 10 min discharge at the current of 0.1 C and 40 min relax until the voltage 

reached 1.5 V, followed by charging to 2.6 V in the same process. All the electrochemical 

measurements were carried out at room temperature. 

3. Results and discussion 

3.1. Structural analysis 

The synthesis process of the Se@CoSnO3/CNTs composite is illustrated in Fig. 1a. Firstly, the 

CNTs were treated in an acid solution (H2SO4/HNO3=1:3 in volume) as to functionalize CNTs by 

introducing the oxygen-containing functional group –COO- at their surface[53, 54] (Step 1). The 

carbon elements at the tips of the CNTs are composed of high curvature pentagonal ring and the 

defects generated in the CNTs growth have high energy and much more active, they undergo an 

easier reaction with the acid, resulting in the opening up of the CNTs tips and introduction of –

COO- group during the oxidation treatment. The opened bare hollow tubes inside of CNTs are 

accessible for Se infiltration. When the Co2+ and Sn2+ were introduced into functionalized CNTs 

solution, the metal cations would be tightly fixed on the CNTs surface due to their strong interaction 

with –COO-, where the CoSn(OH)6 crystal seeds started to in-situ grow when the dissolution 

environment is adjusted to alkaline (Step 2). After calcination, CoSn(OH)6 dehydrates to CoSnO3, 

leaving some pores inside the CoSnO3 nanocubes (Step 3). Finally, Se is loaded in CoSnO3/CNTs 

by melting-diffusion method and the Se@CoSnO3/CNTs composite is obtained (Step 4). 
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Fig. 1 (a) Schematic illustration of Se@CoSnO3/CNTs synthesis process. (b, c) SEM images of 

CoSnO3/CNTs, (d) TEM image of CoSnO3/CNTs, (e) TEM image of the Se@CoSnO3/CNTs and (f) 

corresponding SAED pattern, (g, h) HRTEM image of Se@CoSnO3/CNTs, the enlarged HRTEM image of 

the area indicated by the red box, (i) HAADF-STEM image of Se@CoSnO3/CNTs and corresponding EDX 

elemental maps of: (j) C (blue), (k) Co(red), (l) O (yellow), (m) Sn (green) and (n) Se (indigo). 

SEM images of the CoSn(OH)6 nanocubes with a uniform size of ~100 nm are shown in Fig. 

S1a and b. After calcination, CoSn(OH)6 nanocubes lose bound water to form CoSnO3 particles 

(Fig. S1c and d), which maintain the original morphological characteristics while generating pores 

inside. The SEM images in Figs. 1b and c show the morphologies of CoSnO3/CNTs at different 

magnifications. The CNTs are interconnected to form a loose sponge structure, which not only 

facilitates the electronic transmission but also accelerates the transfer of the electrolyte and the ions. 
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Moreover, the CoSnO3 particles with the uniform size of 100 nm are in-situ grown and 

homogeneously distributed on the surface of the interconnected CNTs. In the TEM image of 

CoSnO3/CNTs (Fig. 1d), several CNTs penetrate one CoSnO3 particle, which ensures that the 

particle is tightly fixed in its position. Therefore, the CoSnO3/CNTs composite with interconnected 

CNTs and in-situ grown porous CoSnO3 was obtained. The Se@CoSnO3/CNTs composite in Fig. 

1e indicates that the morphology of the CoSnO3/CNTs was well maintained after Se was infiltrated 

and dispersed into the structure. In Fig. 1f, two diffraction ring of typical CNTs and slight Se ring 

were detected in the inserted SAED pattern of the entire area of Fig. 1e but absence of any 

diffraction ring of CoSnO3, which reflect that the CoSnO3 is in amorphous and also some Se in 

crystalline state. HRTEM image in Fig. 1g shows the porous CoSnO3 particles and the pass through 

CNTs. The enlarged HRTEM image of the area indicated by the red box displays the lattice fringe 

values of 0.34 nm corresponding to (002) crystal plane of CNT and the CoSnO3 is further confirmed 

in amorphous phase by the disordered range. The HRTEM image of CoSnO3/CNTs in Fig. 1h 

shows some ordered atoms area. By the enlarged HRTEM image of the area indicated by the red 

box, (101) plane of crystalline Se is detected with the lattice fringe values of 0.3 nm, indicating 

there have Se in amorphous state. The HAADF-STEM image in Fig. 1i and corresponding EDX 

elemental maps in Fig. 1j–n are well overlapped, indicating that the elements of the particles of 

CoSnO3 is uniformly distributed in the interconnected CNTs and the Se is well dispersed in the 

CoSnO3/CNTs host. 

XRD was used to investigate the phase structure of the synthesized materials. The XRD 

patterns of CoSn(OH)6, CoSnO3, CNTs and the CoSnO3/CNTs composite are shown in Fig. S2a. 

The diffraction peaks of CoSn(OH)6 are fitted well with its typical perovskite hydroxide crystal 

structure (PDF#13-0356), which reflects the successful synthesis of CoSn(OH)6 crystals[55]. After 

calcination, the CoSn(OH)6 is dehydrated to CoSnO3
[48, 56]. The XRD pattern of the obtained 

CoSnO3 shows two broad peaks centered at 34 and 52° instead of its characteristics peaks (PDF#28-

1236), suggesting the CoSnO3 nanocubes are in amorphous state[57]. It is important to note that the 

amorphous CoSnO3 is different from the mechanical mixture of CoO and SnO2 crystals, as shown 

in Fig. S2b. The XRD pattern of CNTs exhibits its typical peak pattern[58]. The strong (002) peak 

located at 26.4° depicts a typical graphitic feature with a high degree of crystallinity, whereas the 

diffraction peak located at 42.8° is associated with the (100) diffraction peak from hexagonal 

graphite[59, 60]. For CoSnO3/CNTs, broad peaks belonging to CoSnO3 (34 and 52°) and CNTs (26.4 
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and 42.8°) are detected in the same pattern, indicating that the CoSnO3 particles are successfully 

grown on the surface of CNTs. In Fig. 2a, the characteristic peaks corresponding to the standard 

XRD pattern of trigonal-phase selenium are observed in different Se@host composites, indicating 

that selenium was successfully loaded in the host materials of CoSnO3, CNTs, and 

CoSnO3/CNTs[61]. 

The surface area and porosity of CNTs, CoSnO3, CoSnO3/CNTs, and their corresponding 

Se@host composites are analyzed by the N2 adsorption-desorption experiment. The isotherms and 

pore size distribution are shown in Fig. 2b and Fig. S2c-d, respectively. The N2 adsorption-

desorption isotherm of CNTs (Fig. 2b in red color) exhibits a typical type II shape, with a rapid N2 

uptake at a very low p/p0 (about 0.01), indicating the presence of micropores in the CNTs[62, 63]. 

The adsorption curve displays a sharp increment at p/p0 of 0.9, a characteristic of large mesopores 

in functionalized CNTs. A small closed adsorption/desorption hysteresis loop is observed due to 

the mesopores with a capillary condensation[64]. The mesopores size distribution was analyzed by 

Barrett–Joyner–Halenda (BJH) method. The pore size distribution in Fig. S2c indicates that CNTs 

display a bimodal distribution of mesopores centered around 3 and 40 nm, which corresponds to 

the size of the inner CNT diameter and the pores generated by the aggregated CNTs[65, 66], 

respectively. The micropore size distribution was calculated using the Horvath–Kawazoe (HK) 

model. The pore size distribution in Fig. S2d shows that the micropores in CNTs are centered at 

0.7 nm, which mainly come from the exposed innerpores of tip-opened CNTs[67, 68]. The presence 

of significant micropore reflects the successful opening of the nanotube tips by acid 

functionalization, which is beneficial for the active Se loading. The isotherm of CoSnO3 in Fig. 2b 

(green color) performs a typical type Ⅳ shape with a hysteresis loop at p/p0 of 0.8–0.9, 

characteristic of mesoporosity. The continuous N2 uptake at p/p0 high p/p0 of 0.9–1.0 indicates the 

existence of macropores[69]. The pore size distribution of CoSnO3 in Fig. S2c confirms that the 

mesopore size is 18 nm. The existence of mesopores is induced by the loss of bound water by the 

transformation of CoSn(OH)6 to CoSnO3 during high temperature calcination. The presence of the 

macropores can be attributed to the aggregation of the CoSnO3 nanoparticles. The isotherm of 

CoSnO3/CNTs in Fig. 2b (black color) is a type Ⅱ shape with a high N2 uptake at low p/p0 of 0.01 

and high p/p0 of 0.9, characteristic of micro- and mesoporosity. The micropores and bimodal 

distributed mesopores are centered at ~0.7 nm (Fig. S2d) and ~3, ~40 nm (Fig. S2c), respectively. 

Due to the introduction of CoSnO3 into interconnected CNTs, the mesopores formed by the 
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aggregation (centered around 40 nm in Fig. S2c) are increased to some extent. Moreover, the 

CoSnO3 particles are uniformly dispersed in the interconnected sponge-like CNTs, thus the 

macropores caused by the CoSnO3 particles aggregation (range of over 100 nm in Fig. S2c) 

disappear in the CoSnO3/CNTs composite. After Se was located in the host materials, the N2 uptake 

is greatly reduced due to voids being occupied and the Se@CNTs and Se@CoSnO3/CNTs exhibit 

type Ⅱ isotherm. The surface area and pore volume information of the different host materials and 

corresponding Se@host composites are shown in Table 1. CoSnO3 has a low surface area and pore 

volume of 44 m2 g-1 and 0.3 cm3 g-1, respectively. Owing to the loose sponge structure and the 

hollow pores inside, CNTs achieve high specific surface area and pores volume of 265 m2 g-1 and 

1.3 cm3 g-1, respectively. The surface area and pores volume of CoSnO3/CNTs are 308 m2 g-1 and 

1.7 cm3 g-1, respectively. The best porosity is due to the effective combination of CNTs and CoSnO3. 

The surface area and pore volume of the Se@host composites decreased sharply to a lesser value, 

reflecting that the Se is successfully infiltrated into the pores of the host materials[70]. 

The Se (0) content of the Se@host composites was analyzed by TGA measurement. Fig. 2c 

shows that the Se evaporation occurs at the temperature of 350 to 480 °C. The Se evaporation start 

and end temperature are related to the interaction strength between host materials and Se. 

Se@CNTs has the lowest start/end evaporation temperature due to the weak interaction between 

Se and non-polar pure carbon. While, the Se evaporation in Se@CoSnO3 starts and ends at higher 

temperature than Se@CNTs owing to the strong chemisorption of the oxygen-rich CoSnO3 to the 

selenium[4, 71]. Benefiting from the introduction of polar CoSnO3 particles, selenium is well 

confined inside the CoSnO3/CNTs composites. The Se@CoSnO3/CNTs composites also achieve 

improved evaporation temperature due to the enhanced interaction brought by the CoSnO3 polar 

particles. From the weight loss of the TG curves, the Se contents of Se@CoSnO3, Se@CNTs and 

Se@CoSnO3/CNTs are calculated to be 62, 68 and 60 wt.%, respectively. The highest value of the 

Se proportion in Se@CNTs is due to the much higher surface area and pores of CNTs. 

The chemical composition and surface chemical state of CoSnO3/CNTs and 

Se@CoSnO3/CNTs composites were investigated by XPS. The overall XPS spectrum is shown in 

Fig. 2d. The peaks of Co, Sn and O belonging to CoSnO3 are identified in the survey spectrum of 

CoSnO3/CNTs, which match well with the elements of the composites. After infiltration of Se, the 

peaks corresponding to Se were detected in the survey spectrum of Se@CoSnO3/CNTs, indicating 
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Fig. 2 (a) XRD patterns of Se, host materials and corresponding Se@host composites. (b) N2 adsorption-

desorption isotherms. (c) TGA plots of prepared Se@CoSnO3, Se@CNTs and Se@CoSnO3/CNTs, 

respectively. (d) The overall XPS spectra of CoSnO3/CNTs and Se@CoSnO3/CNTs. (e–g) The high-

resolution spectrum of Co 2p, Sn 3d, C 1s in CoSnO3/CNTs, respectively. (h) The high-resolution spectrum 

comparison of Se 3d in Se@CNTs and Se@CoSnO3/CNTs. 

the successful introduction of Se into the host material. The peaks of the high-resolution spectrum 

of Co 2p in Fig. 2e is deconvoluted into 4 peaks, which are Co 2p3/2 (781.5 eV), Co 2p1/2 (797.5 

eV) and two satellite peaks at 786.7 and 803.8 eV, respectively, indicating unique presence of Co2+ 

species[72]. The peaks located at 486.9 and 495.4 eV of Sn 3d in Fig. 2f are characteristic of Sn 

3d5/2 and Sn 3d3/2, respectively, which are in accordance with the electronic state of Sn4+ [47]. The 

convolution peak at 284.6, 285.4 and 289.9 eV of C 1s in Fig. 2g are attributed to C–C, C–O and 

O–C=O, respectively[73]. In Fig. 2h, a new peak of Se–O appears at 58.2 eV in Se@CoSnO3/CNTs 
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compared with Se@CNTs. This may be due to the strong interaction between Se and CoSnO3 

particles. 

3.2. Electrochemical properties 

The obtained Se@CoSnO3, Se@CNTs and Se@CoSnO3/CNTs cathodes were assembled into 

CR3032 cells for electrochemical performance testing. To analyze the reaction in the 

discharge/charge process, CV measurement of Se@CoSnO3/CNTs as the representative of the 

Se@host cathodes was conducted and the result is shown in Fig. S3a. Two reduction peaks at 2.12 

and 1.93 V are observed, corresponding to the conversion of Se (0) to Li2Sen (4≤n≤8) and Li2Sen 

to Li2Se, respectively[74]. A broad oxidation peak centered at 2.25 V results from the oxidation from 

the gradual oxidation of Li2Se to Se. In addition, a small reduction peak appears at the voltage of 

1.74 V in the first cycle. This is attributed to the reaction between electrolyte and electrode at low 

voltage and the formation of a solid electrolyte interphase (SEI) layer[75]. The CV curve of pure-

CoSnO3/CNTs was measured to analyze the reaction that occurs in the absence of active Se in the 

cell. The apparent peak at 1.74 V in pure-CoSnO3/CNTs (Fig. S3b) is in good agreement with the 

CV result of Se@CoSnO3/CNTs, proving that the peak at 1.74 V in Se@CoSnO3/CNTs is produced 

by SEI formation rather than Se. The appearance of the F 1s and the much more increased intensity 

of the O 1s in the XPS spectrum (Fig. S4a) of the cycled Se@CoSnO3/CNTs than raw 

Se@CoSnO3/CNTs, which confirms the production of the SEI layer since these two elements are 

the main components of SEI layer. The high resolution of Se 3d of the cycled Se@CoSnO3/CNTs 

in Fig. S4b has much higher intensity of Se‒O due to the strong interaction between Se species and 

CoSnO3. Moreover, a peak belonging to Li2CO3 appears also after the battery running. The high 

resolution of F 1s in Fig. S4c can be convoluted into two peaks, corresponding to F‒C and LiF, 

respectively. In CV curves of Se@CoSnO3/CNTs (Fig. S3a), the voltage position and the current 

density of the redox peaks undergo a shift in the first three cycles, which may be also due to the 

effects of the SEI formation and activation of Se cathode. After that, the curves overlap very well 

and the reduction peak at 1.74 V disappears as well, which means that the SEI remains stable and 

the cathode performs excellent electrochemical reversibility and stability[76]. The 5th cycle CV 

curves of the different composite cathodes are presented in Fig. 3a. In the first reduction peak, the 

Se@CoSnO3 cathode shows the smallest current density and the lowest reduction potential. It 

indicates the Se@CoSnO3 cathode has the lowest reaction kinetics due to the low conductivity of 

the CoSnO3 (10-8 S cm-1)[77]. Owing to the participation of high conductivity of CNTs, the current 
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density and the value of reduction potential of Se@CNTs and Se@CoSnO3/CNTs have some 

degree of improvement. Compared with Se@CNTs and Se@CoSnO3, Se@CoSnO3/CNTs shows 

a higher current density, higher reduction potential and lower oxidation potential. This indicates 

that Se@CoSnO3/CNTs has the fastest electrochemical reaction kinetics and the lowest reaction 

resistance due to the synergy effects of CNTs and CoSnO3
[78]. It is interesting to note that the 

Se@CoSnO3 has a higher current density and easier reaction potential at the second reduction and 

oxidation peaks than Se@CNTs, which is due to the revealing of the catalytic function of CoSnO3 

for the control reaction step of polyselenides to Li2Se. Combining the high conductivity of CNTs 

and catalytic function of CoSnO3, Se@CoSnO3/CNTs cathode shows fast reaction kinetics and 

small reaction energy barrier. 

The galvanostatic discharge/charge profiles of Se@CoSnO3/CNTs were tested at 0.2 C and the 

result is shown in Fig. 3b. In the discharge profiles, two plateaus are observed at the voltage of 

~2.18 and 2.01 V. The first one at 2.18 V is attributed to the conversion of Se to Li2Sen intermediate 

and the second at lower voltage is due to the transformation of Li2Sen to Li2Se. The capacity greatly 

increases at the second plateau, indicating this step makes the most achievements to the capacity 

of Li-Se battery. The plateau at 2.25 V in the charge profiles is due to the inverse reaction from 

Li2Se back to Se. Similar to the CV result, the first discharge plateau of the galvanostatic 

discharge/charge profiles also shifts to a higher voltage and the second plateau shifts to lower 

voltage. The phenomenon may be due to the cells running, when Se activation and SEI formation 

are finished, the rate-control step of the transformation of Li2Sen to Li2Se is revealed. Moreover, a 

small bending of the curve at the voltage of 1.74 V appears in the first cycle discharge profile due 

to the formation of the SEI layer, which is consistent with the CV results in Fig. 3a. The plateau 

change trend of discharge/charge profiles fits well with the CV results, confirming the reaction in 

the discharge/charge process again. 

To further investigate the reactions taking place in the different stages, the in situ XRD of cell 

with Se@CoSnO3/CNTs cathode was measured, as shown in Fig. 3c. At the beginning of the 

discharge, there has an obvious peak of Se. With the lithiation going, the Se gradually disappears 

and instead the peak of Li2Se appears. The battery undergoes an inverse reaction in the charge 

process compared with discharge. Thus, the intensity of the Li2Se peak decreases and the lithium 

polyselenides species come back to Se at the end of the charge process. In detail, the discharge 

process can be derived into three stages (Fig. S5). The first stage at the 0‒0.2 depth of discharge 
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(DOD), the peak of crystalline Se is detected and its peak intensity gradually decreases and 

completely disappears at the DOD of 0.2, which corresponds to the first discharge platform of the 

discharge curve. With the further depth of discharge, no peak of Se is detected due to all the Se has 

already transformed to chain polyselenides. This stage is in the DOD range of 0.2‒0.6, which 

occurs at the second platform of the discharge curve, where the Li2Sen are transformed from long 

chain to short chain. After that, the polyselenides are gradually transformed to Li2Se at the third 

stage of 0.6‒1.0 DOD and the peaks being to Li2Se are detected. The 1st charge process also can 

be divided into three stages at depth of charge of 0‒0.4, 0.4‒0.8 and 0.8‒1, corresponding to the 

reaction Li2Se to Li2Sen, Li2Sen shortening and Li2Sen back to Se again. Compared with the first 

discharge/charge cycle, the peaks intensity of Se and Li2Se in the second cycle become weak 

because the Se species do not come back to crystalline Se but chain Se, which facilitates further 

lithiation/delithiation reaction. 

The cycle stability performance of Se@CoSnO3/CNTs, Se@CNTs and Se@CoSnO3 is shown 

in Fig. 3d. The initial specific discharge capacity of Se@CoSnO3/CNTs, Se@CNTs and 

Se@CoSnO3 are 729.9, 898.8 and 605.3 mA h g-1, respectively. The obtained capacity exceeds the 

theoretical value (675 mA h g-1) because of the formation of the SEI layer and activation of Se. In 

order to quantify the capacity contributed by the SEI formation, the cell with pure-CoSnO3/CNTs 

was assembled and tested at the current of 0.2 C, the result is shown in Fig. S3c. In the first cycle, 

the discharge capacity reaches to 232 mA h g-1. Correspondingly, the capacity increases greatly in 

the platform of 1.8 V also in Fig. S3d, the voltage value being consistent with the peak position in 

Fig. S3b. After that, the formed SEI separates the electrolyte and cathode preventing further 

electrolyte decomposition. The capacity of pure-CoSnO3/CNTs sharply drops to 23 mA h g-1 after 

the first cycle, thus the capacity of Se@CoSnO3/CNTs cathode battery almost comes from the 

active Se after then. The 2nd cycle capacity of Se@CoSnO3 is 528 mA h g-1 and drops to 226.6 mA 

h g-1 at the 200th cycle. The poor electrochemical performance is due to the poor conductivity of 

the CoSnO3, shortage of space for Se loading and Se pealing caused by volume expansion. 

Compared with Se@CoSnO3, the 2nd cycle capacity of Se@CNTs improved to 605.6mA h g-1 due 

to better conductivity and porous structure of CNTs for accelerated electrons transfer and Se 

dispersion. But limited by the weak physical adsorption to polyselenides, the capacity of Se@CNTs 

decreases to 257.1 mA h g-1 after 200 cycles. Combining the advantages of better Se loading and 

excellent conductivity provided by CNTs as well as the strong chemisorption of polyselenides by 
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Fig. 3 (a) The CV performance and (b) The galvanostatic discharge/charge profiles of Se@CoSnO3/CNTs. 

(c) The in situ XRD characterization of the Se@CoSnO3/CNTs cathode in 2 discharge/charge cycles. (d) 

The cycle stability at 0.2 C and (e) Rate capacity at different current densities of Se@CoSnO3, Se@CNTs, 

Se@CoSnO3/CNTs, respectively. 

the polar CoSnO3, the Se@CoSnO3/CNTs cathode exhibits an competitive performance in these 

three cathodes. The 2nd discharge/charge capacity and 200th capacity of Se@CoSnO3/CNTs are 

612/630 and 330.4 mA h g-1, respectively, accompanied with almost 100% Coulombic efficiency. 

The result reflects that the introduction of CoSnO3 particles in the interconnected CNTs framework 

formed CoSnO3/CNTs suppresses the shuttle effect by enhancing the adsorption of polyselenides, 

resulting in a good electrochemical performance of the Li-Se battery. 
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The rate performance of a series of the designed cathodes at different current densities is shown 

in Fig. 3e. With the increase of the current, the capacity of the battery became lower due to the 

polarization of electrolyte and the limitation of the rate-control step of the transformation from 

Li2Sen to Li2Se[79]. The capacity of Se@CoSnO3/CNTs is 578, 485, 366, 254 and 153 mA h g-1 at 

the current of 0.1 C, 0.2 C, 0.5 C, 1 C and 2 C, respectively, while the capacity of Se@CoSnO3 at 

2 C is only 83 mA h g-1. The low capacity is due to the slow lithiation/delithiation caused by the 

poor conductivity of CoSnO3. The capacity of Se@CNTs at high rate (2 C) increase to 121 mA h 

g-1 beneficial from the good electrical conductivity of CNTs, but without the catalytic function of 

CoSnO3, the polyselenides transformation as the rate-control step is limited. When the current 

comes back to the current of 0.1 C, the capacity quickly recovers to 418 mA h g-1, indicating the 

Se@CoSnO3/CNTs has a good rate capability and high reversibility. 

The electrochemical performance is related to the charge transfer of the battery. The EIS 

measurements were investigated to analyze the electron and ion transferability. The Nyquist plots 

of the raw cathodes in Fig. 4a consist of a semicircle in the high-frequency and a straight line in 

the low-frequency, which correspond to the resistance of charge transfer (Rct) and Warburg 

impedance (Rw), respectively[80, 81]. The Se@CoSnO3 exhibits the largest Rct value of 48.9 Ω. The 

poor charge transfer is due to the low electronic conductivity of CoSnO3. The Se@CNTs cathode 

has a decreased Rct value of 41.6 Ω due to the fast electron transportation of CNTs. While the 

Se@CoSnO3/CNTs has the smallest Rct (29.4 Ω), the superior charge transferability is due to the 

good conductivity of interconnected CNTs and the rapid reaction catalysis of CoSnO3. With the 

battery running, the Rct values of Se@CNTs and Se@CoSnO3/CNTs undergo a decrease because 

of the activation of the cathode. At the same time, another semicircle at extra high frequency 

appears for the reason of the resistance brought from the SEI layer (RSEI) that formed on the surface 

of the cathode material. However, the Rct value of Se@CoSnO3 has an increase due to the CoSnO3 

cathode destruction caused by the volume expansion. In the following cycles, the RSEI value of 

CoSnO3/CNTs and CNTs remains stable, as shown in Fig. S6a and b, reflecting the formation of 

the stable SEI on the surface. However, the RSEI of Se@CoSnO3 undergoes a gradual increase, as 

shown in Fig. S6c. That is for the reason that the SEI layer on CoSnO3 electrode surface cracks 

and reforms due to the volume expansion in the lithiation process, leading to the SEI layer being 

thicker and thicker. This hinders the electrical contact between the current collector and the active 

material, increases the diffusion distance of lithium ions, and blocks the smooth deintercalation of 
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lithium ions, resulting in rapid capacity decay. At the same time, a thicker SEI generates great 

mechanical stress, which further damages the electrode structure. Combining the CNTs and polar 

CoSnO3 particles solves the problem of expansion and achieves a stable SEI layer with small 

impedance. Fast ion transfer and rapid transformation are essential to achieve good electrochemical 

performance. The ion transfer can be estimated by the GITT measurement, and the transfer of Sen
2- 

in the system can be reflected in some extent[82, 83]. The ion transfer is related to the response rate 

to the current given, which can be used to reflect the value of Li species diffusion coefficients (D). 

The detailed calculation method is described in the Supply Information. The GITT plot and Li 

species diffusion coefficients from GITT of Se@CoSnO3/CNTs as a representative are shown in 

Fig. 4b and c. The average lithium diffusion coefficients D of Se@CoSnO3, Se@CNTs and 

Se@CoSnO3/CNTs are calculated to be 1.6×10-13, 1.7×10-12 and 8.1×10-12 cm2 s-1, respectively. 

The highest D value of Se@CoSnO3/CNTs indicates the fast Li+ and Sen
2- transfer. Thus, the fast 

electron and the ion transfer ensures the improved electrochemical performance of 

Se@CoSnO3/CNTs cathode. 

The adsorption ability of the host materials is analyzed by visualized Li2Se6 absorption 

measurement. As shown in Fig. 4d inset, the pure Li2Se6 solution has a red brown color. The color 

of the solution adsorbed by CoSnO3 and CNTs host materials changes slightly. In contrast, the 

solution adsorbed by CoSnO3/CNTs becomes almost colorless. The supernatants after the 

adsorption experiments were collected, diluted and the absorption of supernatants were measured 

by UV-vis spectrometry. As shown in Fig. 4d, the peak centered at ~340 nm in the absorption 

spectrum is attributed to the absorption of Se6
2-[84]. The peak intensity of the solution with CNTs 

addition is lower than that of the initial Li2Se6 solution, which could be attributed to the physical 

adsorption to the polyselenides. The peak intensity of the solution with CoSnO3 also decreases 

greatly due to the strong chemisorption between the polar particles and polyselenides. Because of 

the much higher surface area of CoSnO3 than CNTs, CoSnO3 achieves more adsorption of 

polyselenides on its surface. For the sample of CoSnO3/CNTs, there is almost no absorption from 

Se6
2-, which is beneficial from the synergistic effects of the physical adsorption of CNTs and 

chemisorption of CoSnO3. The enhanced adsorption confines polyselenides inside of pores and 

their subsequent catalytic conversion, as well as the rapid redox kinetics. To verify the 

chemisorption of Se6
2- by CoSnO3/CNTs, XPS measurement was performed on CoSnO3/CNTs 

composite before and after the adsorption experiment. The high resolution Co 2p XPS spectrum of 
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Fig. 4 (a) The Nyquist plots of CoSnO3, CNTs and CoSnO3/CNTs (bottom: raw, top: 100th cycle). (b) GITT 

plot and (c) Li species diffusion coefficients from GITT of Se@CoSnO3/CNTs. (d) Visualized Li2Se6 

adsorption experiments of CoSnO3, CNTs, and CoSnO3/CNTs and UV−vis absorption spectroscopy of 

corresponding supernatants. (e) High-resolution Co 2p XPS spectra of pristine CoSnO3/CNTs and 

CoSnO3/CNT adsorbed by Li2Se6 (Li2Se6-CoSnO3/CNTs). (f) CV and (h) EIS of symmetrical cells with 

different electrodes. 

CoSnO3/CNTs composite is presented in Fig. 4e. After the Li2Se6 adsorption, the Co 2p3/2 peak of 

CoSnO3/CNTs shifts to higher binding energy, indicating the electrons transfer from Li2Se6 to Co 

due to the interaction between polar CoSnO3 particle and polyselenides[85]. 

In addition to inhibiting the shuttle effect by enhanced adsorption to polyselenides, another 

crucial factor is the rapid transformation of Li2Sen to Li2Se[86]. To evaluate the catalytic ability of 

CoSnO3, the symmetrical cells of CoSnO3, CNTs and CoSnO3/CNTs were assembled and tested. 

The CV result of different symmetrical cells are shown in Fig. 4f. Compared with the CNT 

symmetrical cell, the CoSnO3 symmetrical cell with Li2Se6 electrolyte possesses high current, 

confirming the catalytic performance of CoSnO3
[61, 87]. The CoSnO3/CNTs symmetrical cell 

achieves further improvement in current density due to the existence of CNTs that increases the 
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conductivity of the cathode. Further, the EIS of these symmetrical cells was explored and the result 

is shown in Fig. 4g. The CoSnO3 symmetrical cell displayed a smaller charge transfer impedance 

than the CNTs, indicating the low energy barrier for electron and ion transfer brought by catalytic 

function of CoSnO3 particles. After adding CNTs, the impedance of CoSnO3/CNTs symmetrical 

cell had a further decrease due to the synergy of the high conductivity of CNTs and the catalytic 

function of CoSnO3 particles. 

The anchoring effect and the catalytic to the polyselenides resulted from introduction of 

transition metal oxides of CoSnO3 in the system. To further verify the strong interaction between 

substrates and LiPSes, the binding energy (Eb) of substrate of CNTs and CoSnO3 between different 

species of polyselenides (Li2Se8, Li2Se6, Li2Se4 Li2Se2 and Li2Se) were calculated by the density 

functional theory (DFT) using first-principles approach, the results are shown in Fig. 5a and Fig. 

S8. The detailed calculation method is shown in the Supporting information. The Eb of CNTs and 

selenium species of Se8, Li2Se8, Li2Se6 Li2Se4, Li2Se2 and Li2Se are calculated to be 1.248, 1.421, 

1.285, 1.608, 1.957, and 1.503 eV respectively. Compared with the pure non-polar carbon CNTs, 

the Eb value of Se8 and Li2Sen (n=8, 6, 4, 2, 1) on CoSnO3 are 1.656, 2.619, 3.012, 3.5, 3.7, and 

3.047 eV, respectively, reflecting much enhanced binding strength. In the case of the selenium 

species of Li2Se4, the electron charge transfer between substrates of CNTs, CoSnO3, and Li2Se4 is 

shown in Fig. 5b. Compared with CNTs, the charge transfer is obviously increased between 

CoSnO3/CNTs and Li2Se4, especially Li atom and O atom, which induces strong chemical bonds 

of Li−O, reflecting the main interaction is between the elements of O in CoSnO3 and Li in Li2Sen. 

Moreover, the Se–Co binding is observed also between polyselenides and CoSnO3/CNTs. The 

same phenomenon is observed between Li2Se and the substrate of CoSnO3/CNTs. Due to the strong 

chemisorption of Li2Se4 and CoSnO3, the distance of the Li2Se4 on CoSnO3 (2.15 Å) is shorter than 

that of CNTs (2.064 Å), as shown in Fig. 5c and Fig. S9. It is worth noting that the Se−Se bridged 

bond (Se3−Se4) is the most stretched on the surface of CoSnO3 (2.693 Å) compared with that of 

graphene (2.23 Å) and pristine Li2Se4 (2.126 Å), indicating that the substrate of CoSnO3 could 

more effectively weaken the Se−Se bridged bond inside of polyselenides, which facilitates the 

further lithiation reaction. In the case of the selenium species of Li2Se, charge is lost along the 

Li−Se bond inside Li2Se (green part) and internal Li−Se bond softens (Fig. 5b). The Li−Se bond 

inside of Li2Se on the surface of CoSnO3 grows longer (2.205 Å) than with that of CNTs (2.074 Å) 

and pristine Li2Se (1.983 Å) as the binding energy grows larger. The stretched and weakened bond  
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Fig. 5 (a) Binding energies of Se8 and Li2Sen on CNTs and CoSnO3/CNTs. (b) Charge transfers when Li2Se4 

or Li2Se adsorbs on the substrate of CNTs or CoSnO3/CNTs. (c) The detailed bond lengths inside Li2Se4 

and Li2Se, and the distance between the two adsorbates and CNTs or CoSnO3 when their adsorption. (d) 

The Free energy plots of conversion reactions of Se species activated by CNTs and CoSnO3/CNTs. (e) Ⅰ: 

Schematic illustration of the discharge process in Se@CoSnO3/CNTs cathode, Ⅱ and Ⅲ: the CoSnO3 

function of strong adsorption and catalytic effect in the discharge and charge process, respectively. 

of Li‒Se is beneficial for the Li2Se broken to LiSe and Li and finally gradually converted back to 

selenium. For evaluating the catalytic effect of CoSnO3/CNTs on Se species conversion, the free 

energies of conversion reactions of Se8/Li2Sen activated by CoSnO3/CNTs and CNTs were 

calculated. The corresponding free energy plots are shown in Fig. 5d. The Se transformation 

reaction on CoSnO3/CNTs has the lower Gibbs free energy compared to that of CNTs. Moreover, 

the free energy undergoes the most considerable decrease on the last two rate-determining steps of 

Li2Se4 to Li2Se. Thus, the introduction CoSnO3 to the framework host has great helpful in terms of 

anchoring effect and catalytic effect for Se species transformation. 

The strong adsorption of CoSnO3 particles for the polyselnides strengthens the bond between 

CoSnO3 and Li2Se4, which at the same time weakens the bond of Se‒Se inside of the Li2Se4 (Fig. 

5eⅠ), leading to the rapid transformation of polyselenides to Li2Se. In particular, the strong 

interaction between Li2Se and CoSnO3 stretches and weakens the bond of Li‒Se in Li2Se (Fig. 
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5eⅡ), accelerating the charge reaction. To better illustrate the talents of the CoSnO3/CNTs 

composite for Se host material, the schematic illustration of the discharge process in 

Se@CoSnO3/CNTs cathode is shown in Fig. 5eⅢ. During the discharge process, active Se reacts 

with Li+ to form Li2Se on the surface of the host with the dissolved intermediate muti-polyselenides. 

The high conductivity of CNTs ensures the fast electron transfer in the cathode. Moreover, the 

polar CoSnO3 particles have a strong chemisorption to the polar polyselenides, combined with the 

physical adsorption provided by CNTs. The polyselenides that dissolved in the electrolyte will be 

riveted on the host framework surface again. Then, the adsorbed polyselenides have rapid 

transformation with CoSnO3 catalysis. Thus, the strong adsorption and rapid transformation of the 

polyselenides decrease the polyselenides diffusion out of cathode, thereby inhibiting the shuttle 

effect, resulting in excellent stability of the Li-Se battery. 

4. Conclusion 

In summary, polar CoSnO3 particles were in-situ grown on the interconnected CNTs network 

and the obtained CoSnO3/CNTs served for Se host material in the Li-Se battery. The introduced 

CoSnO3 particles were tightly fixed in the interconnected CNTs. The specific design enables quick 

transfer of electrons to CoSnO3 along with the interconnected CNTs, where the rate-control step 

reaction of Li2Sen to Li2Se is accelerated due to the catalytic function of the CoSnO3. Thus, 

compared with solely CoSnO3 and CNTs host materials, the electrochemical performance of 

CoSnO3/CNTs as the Se host is significantly improved. The initial specific capacity of 

Se@CoSnO3/CNTs was 730 mA h g-1 and remained at 330 mA h g-1 after 200 cycles, with a 

Coulomb efficiency of almost 100%. Even at the current of 2 C, the capacity can be reached to 153 

mA h g-1. The high capacity and excellent stability of the battery are due to the high conductivity 

and internally accommodated volume expansion of interconnected CNTs and the enhanced 

polyselenides adsorption and accelerated transformation by porous CoSnO3. This work provides 

an easy method to solve the problems of shuttle effect and increase the reaction kinetics at the same 

time. 
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Supply information 

Polar adsorption and catalytic bifunctional particles suppress the shuttle effect 

by dual-adsorption catalysis to achieve high performance Li-Se battery 

 

 

 

 

Fig. S1. SEM images of (a, b) CoSn(OH)6 and (c, d) CoSnO3. 
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Fig. S2. XRD patterns of (a) CoSn(OH)6, CNTs, CoSnO3 and CoSnO3/CNTs and (b) the mixture of CoO 

and SnO2 (molar ratio of 1:1) and CoSnO3, respectively. (c, d) BJH and H-K pore size distribution of CNTs, 

CoSnO3, CoSnO3/CNTs and corresponding Se@host composites. 
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Fig. S3. (a) CV curves of Se@CoSnO3/CNTs cathode at 0.1 mV/s. (b) CV curves, (c) cycling performance 

and (d) discharge/charge profiles of pure-CoSnO3/CNTs. 
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Fig. S4. (a) XPS spectra of Se, CoSnO3/CNTs, corresponding fresh and cycled Se@CoSnO3/CNTs cathode 

materials, High-resolution spectrum of cycled Se@CoSnO3/CNTs: (b) Se 3d and (c) F 1s. 
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Fig. S5. The in situ XRD characterization of the Se@CoSnO3/CNTs cathode in 2 discharge/charge cycles. 

  

20 22 24 26 28 30 32

In
te

ns
it

y 
(a

.u
.)

2 Thera (degree)

2.4 2.0 1.6

1 stC
h

arge

Voltage (V) vs. Li+/Li

1st D
isch

arge

2nd
D

ep
th

 of discharge

0%

100%



Chapter Ⅵ 

245 

 

 

Fig. S6. The Nyquist plots of (a) CoSnO3/CNTs, (b) CNTs and (c) CoSnO3. 
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GITT is a stand method to measure the Li+ transfer in Li-ion battery. Due to the different 

lithium species (Li+, Li2Sen) include in the cell,  the calculated value of D not only reflect the 

transfer of Li+ but also Li2Sen, which is important to rate-control step reaction. The D value is 

calculated by the following equation: 

𝐷 =
4

𝜋𝜏
(
𝑚 𝑉

𝑀 𝑆
) (

∆𝐸

∆𝐸
)  

where τ is the constant current pulse time, mB, VM, and MB denote the mass, the molar volume, and 

the molar mass of the active material, respectively, S is the contact area between electrode and 

electrolyte, ΔEs the change of the steady-state voltage during a single-step GITT experiment, and 

ΔEt the total change of cell voltage during a constant current pulse τ of a single-step GITT 

experiment neglecting the IR-drop, as shown in Fig. S3. 

 

Fig. S7. Scheme for GITT experiment: (a) the constant current pulse, (b) Corresponding potential response. 

t0+τ

ΔEs

iR drop

P
ot

en
ti

al

Time 

ΔEt

t0

t0+τ

C
ur

re
n

t  

Timet0

(a)

(b)



Chapter Ⅵ 

247 

 

The first-principles [1,2] perform all spin-polarization density functional theory (DFT) 

calculations within the generalized gradient approximation (GGA) using the Perdew-Burke-

Ernzerhof (PBE) [3] formulation. The projected augmented wave (PAW) potentials [4,5] was 

applied to describe the ionic cores and take valence electrons into account using a plane wave basis 

set with a kinetic energy cutoff of 450 eV. Partial occupancies of the Kohn−Sham orbitals were 

allowed using the Gaussian smearing method and a width of 0.05 eV. The electronic energy was 

considered self-consistent when the energy change was smaller than 10−4 eV. A geometry 

optimization was considered convergent when the energy change was smaller than 0.05 eV Å−1. In 

our structure, the U correction is used for Co atoms. The vacuum spacing in a direction 

perpendicular to the plane of the structure is 20 Å form the surfaces. The Brillouin zone integration 

is performed using 3×3×1 Monkhorst-Pack k-point sampling for a structure.  

Finally, the binding energy, Eb, is computed to measure the binding strength between these Li2Sen 

species and the different substances. It is calculated with the following formula: 

𝐸 = 𝐸 + 𝐸 − 𝐸                              (1) 

For the substance of graphene, the Eb with graphene and Li2Se4 is: 

𝐸 = 𝐸 + 𝐸 − 𝐸                (2) 

For the substance of CoSnO3, the Eb is: 

𝐸 = 𝐸 + 𝐸 − 𝐸                     (3) 

The free energy was calculated using the equation: 

𝐺 = 𝐸 + 𝑍𝑃𝐸 − 𝑇𝑆                                                  (4) 

where G, Eads, ZPE and TS are the free energy, total energy from DFT calculations, zero point 

energy and entropic contributions, respectively. 
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Fig. S8 (A) Structures of Se8 and series of polyselenides (Li2Sen, n=8, 6, 4, 2, 1). Binding energy of 

different Se species on the substrate of (B) CNTs and (C) CoSnO3/CNTs. 
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Fig. S9 Bond length of isolate Li2Se4 and Li2Se and their adsorption on the substrate of CNTs and 

CoSnO3/CNTs. 
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Table S1: Nitrogen BET adsorption measurements textural properties of the different host 

materials and corresponding Se@host composites. 

Samples SBET 

(m2 g-1) 

Vp 

(m3 g-1) 

Pore size 

(nm) 

CoSnO3/CNTs 308 1.7 0.7, 3, 13, 50 

CNTs 265 1.3 0.7, 3, 50 

CoSnO3 44 0.3 18, 200 

Se@CoSnO3/CNTs 22.7 0.3 50 

Se@CNTs 23.2 0.3 50 

Se@CoSnO3 0.5 0.01 13, 170 
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Table S2: Capacity of the batteries with Se@CoSnO3/CNTs, Se@CNTs and Se@CoSnO3, 

respectively. 

Samples Initial capacity 

(mA h g-1) 

2nd capacity 

(mA h g-1) 

200th capacity 

(mA h g-1) 

Capacity at 2 C 

(mA h g-1) 

Se@CoSnO3/CNTs 729.9 612.4 330.4 153 

Se@CNTs 898.8 605.6 257.1 121 

Se@CoSnO3 605.3 528.0 226.6 83 
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1. Conclusions 

This thesis focuses on dealing with the challenges of Li-Se batteries. At first, the mechanism 

of the battery, the parameters to evaluate, the problems were displayed. The research work on Li-

Se was also summarized from cathode to anode. Based on these previous works, solving the 

problem of shuttle effect has become the priority task. Confining Se inside of the cathode and 

realizing its rapid transportation is an effective method to overcome the problem. To ensure the 

high loading of active Se, tight polyselenides fixing, high conductivity of the host system and 

release of the volume expansion, porous carbon materials become the ideal candidates for the host 

material. Focus on this criterion, three kinds of carbon host materials were synthesized and 

implemented in Li-Se batteries. 

The research work is concluded in three parts: 

1) Inspired by natural organisms, a series of 3D OHPC materials with micro-meso-macropores 

structure was synthesized. By tunable macropore size of the system, the optimized pores 

distribution that following the concept of the generalized Murray’s law was explored. Compared 

to the Se confined in sole micropores, mesopores or macropores obtained cathodes, Se/OHPC 

composites with hierarchically porous structure perform much higher rate performance and ultra-

long cyclic stability in Li-Se battery. Moreover, in this host system, when the size of the macropores 

is equal to 100 nm, the obtained Se/OHPC-100 cathode delivers the highest 2nd discharge capacity 

of 651 mA h g-1 at 0.2 C and a prolonged cycle life over 200 cycles, maintaining at 360 mA h g-1. 

Even at the current of 5 C, it exhibits discharge capacity of 154 mA h g-1. The high specific capacity 

and good stability of the Li-Se battery are due to this pores distribution that follows of the best 

generalized Murray’s law. With enough micropores giving Se loading space, reaction site and 

physical adsorption and, at the same time, the interconnected meso-macroporous constructed the 

highways of electrolyte and ions transfer. With the best synergy of the different pore size ranges, 

the Se on OHPC-100 composite achieved a good electrochemical performance. 

2) Introducing the optimized three-scale pore size into single-crystal MOF, the obtained carbon 

material of S-NOHPC not only maintains the appropriate pores distribution but also provides polar 

N-doping sites. Owing to the advantages of the three length scales of pore sizes and N-doping 
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enhanced polyselenides adsorption strength, Se@S-NOHPC achieves the highest 2nd discharge 

capacity of 658 mA h g−1 and retains 367 mA h g−1 after 200 cycles at 0.2 C. The capacity of Se@S-

NOHPC can reach 230 mA h g−1 at the high current density of 5 C. With the optimized pores size 

design and heteroatom doping, the cycle stability and rate capability achieved some degrees of 

improvement. 

3) In order to overcome the limitation of the polar sites by heteroatom doping, polar CoSnO3 

particles were in-situ grown on interconnected CNTs network and the obtained CoSnO3/CNTs 

served for Se host material in the Li-Se battery. Compared with solely CoSnO3 and CNTs host 

materials, the electrochemical performance of CoSnO3/CNTs as the Se host is significantly 

improved. The initial specific capacity of Se@CoSnO3/CNTs was 730 mA h g-1 and remained at 

330 mA h g-1 after 200 cycles, with a coulomb efficiency of almost 100%. Even at the current of 2 

C, the capacity can be reached to 153 mA h g-1. The high capacity and excellent stability of the 

battery are due to the high conductivity and internally accommodated volume expansion of 

interconnected CNTs and the enhanced polyselenides adsorption and accelerated transformation 

by porous CoSnO3. 
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2. Perspectives 

In our third Se@CoSnO3/CNTs system, the electrochemical performance of the cathode 

achieved much higher capacity compared with Se@CNTs and Se@CoSnO3 cathodes. It fully 

proves the positive effect of the introduction of polar particles into the host material. However, 

compared with the first two Se@OHPC and Se@S-NOHPC systems, the capacity of 

Se@CoSnO3/CNTs is lower. That is due to the lack of pore volume and lower surface area of 

CoSnO3/CNTs cannot confine Se in an amorphous short link state, which limits the utilization of 

Se. To combine the advantages of the pore size design and polar particles, the polar particle can be 

tried to introduce a hierarchically porous carbon with a much higher surface area and porous 

volume, better with in-situ method. In this case, the capacity and cycle stability of the Li-Se battery 

maybe will have a further increase. 

As described in the mechanism of the Li-Se battery, the Se confined in the pores of 

frameworks get electrons, it will have a reaction with around Li+. Generally, the transfer of ions is 

slower than electrons, which leads the diffused polyselenides on the surface of cathode to easier 

capture the ions and finish the polyselenides transportation to Li2Se first. The surface coated solid 

Li2Se will increase the resistance of the ions movement, leading to a drop of the reaction kinetics. 

Moreover, the surface Li2Se will be easier to lose in the following lithiation/ delithiation process. 

Polar particles, such as oxide, nitride, sulfide have a strong interaction with polyselenides. 

Designing a cathode with gradient distributed polar particles may be a feasible method to suppress 

the Se species out of the cathode. The high gradient of polar particles on the side away from the 

separator will keep the polyselenide always at the side away from the electrolyte and avoid the 

decay of the Li-Se battery. 

In addition, the problems brought by Se cathode, other problems such as the leakage of 

electrolyte, characteristic of flammable and explosive and lithium dendrites also restrict the 

application of lithium selenium batteries. A lot of effects, such as solid electrolyte, high 

concentration lithium salt electrolyte and anode current collector and frameworks design have 

achieved considerable progress. Realizing the commercial application of the Li-Se battery has a 

long road to go. 
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