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Abstract 

Rechargeable lithium-ion batteries (LIBs) are regarded as promising battery technology in the 

applications of large-scale energy storage and electric vehicles due to the merits of high efficiency 

and long lifespan. Currently, LIBs are mainly challenged by the limited capacity of intercalation-

type cathodes and safety issues caused by organic solvents. Recently, conversion-type elements 

sulfur (S) and selenium (Se) as alternative cathodes have encouraged tremendous studies owing to 

the remarkable capacity by two-electron electrochemical conversion. However, the further 

commercialization of Li-S or Li-Se batteries is impeded by the sluggish redox kinetics and 

indecent capacity caused by their intrinsic low electrical conductivity. Tellurium (Te) with 

considerably higher electrical conductivity and comparable volumetric capacity, has been focused 

on solving the problems of volume expansion and cycling instability since 2014.  

In this dissertation, durable liquid-based or quasi-solid-state Li-Te batteries are constructed via 

rational cathode structure design and electrolyte chemistry. The commercially available or as-

synthesized activated carbons are employed as Te hosts to buffer the volume change of Te upon 

lithiation/delithiation. The role of pore structure (pore size, pore volume) on the electrochemical 

performance of Te/C cathodes is clarified to correlate the interplay between Te and C. The 

optimized porous carbons are found to ensure highly stable Te cathodes in Li-Te batteries. 

Moreover, flexible gel polymer electrolytes are prepared to solve the interface incompatibility in 

quasi-solid-state Li-Te batteries. Composite TexSy cathodes are furtherly synthesized by the 

integration of low-cost S and high-conductivity Te to achieve excellent specific capacity and 

cycling stability. Theoretical calculations and comprehensive characterizations demonstrate the 

fast redox kinetics facilitated by Te and different working mechanisms in Li-TexSy batteries. 

Meanwhile, the study of electrolyte chemistry in K-Te batteries is involved in broadening the 

applicability of Te electrodes, including the fabrication of reinforced composite gel polymer 

electrolytes and the investigations of the K-Te reaction pathways and Te/electrolyte interface 

engineering design.  

The fundamental understanding of the Li/K-Te system is deepened by the systematic in situ or ex 

situ characterizations. It is expected that these studies will provide some viable strategies for the 
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engineering design of Li/K-Te batteries, paving the way for developing high-energy-density 

battery technology.   



v 

 

Lay Summary 

The newly emerging Li/K-Te battery systems are promising candidates for energy storage and 

clean transportation due to the high electrical conductivity and comparable volumetric capacity of 

Te. However, their development is challenged by the large volume expansion and cycling/structure 

instability over cycles. 

This dissertation develops highly stable Te/C cathodes by preparing porous carbons with proper 

pore structure for the accommodation of Teôs volume change. Quasi-solid-state Li-Te batteries are 

constructed with gel polymer electrolytes to ensure good interface contact. Moreover, TexSy 

composite cathodes are fabricated to enhance the reversible capacity and facilitate the internal 

reaction kinetics. K-Te electrochemistry is also investigated by revealing the reaction mechanism, 

identifying electrolyte chemistry, and stabilizing Te/electrolyte interface via various 

characterizations. 

These improvements will guide the further development of high-energy-density Te-based 

rechargeable batteries. 
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Chapter 1   Introduction 

1.1   Research Background 

Due to the rapid population growth and fundamental need for electricity in industrialization and 

the publicôs lives, the demand for electricity supply worldwide is surging. Based on International 

Energy Agency (IGA) estimation, worldwide energy consumption will increase by 75% from 2008 

to 2035 [1]. Currently, 68% of electricity is generated from conventional fossil fuels, including 

42% coal, 21% natural gas, and 5% oil [2]. However, greenhouse gas is unexpectedly produced 

when a great deal of coal is burned for heating, transportation, and industrial need, which poses a 

threat to our environment and leads to serious climate issues such as global warming [3]. In the 

long run, carbon dioxide emissions must be reduced to a minimum level for the sustainability of 

our society. In this case, many countries have made strict CO2 emission regulations to reduce the 

carbon footprint of our society [4]. For example, China has set the target to reduce carbon 

emissions by 60% by 2030 compared to the year 2005 [5]. On the other hand, fossil fuels have 

been consumed faster over the few years, caused by the excessive exploitation of natural resources 

[6]. To meet the increasing energy need, scientists worldwide have been exploring new alternative 

energy systems to guarantee a sufficient power supply. Renewable solar or wind energy is 

considered an alternative to electricity generation due to its abundant resources and availability [7, 

8]. It should be noted that the share of renewable energy in total energy consumption reached up 

to 19% in 2015, with an acceleration trend in the next few years [9]. In the year 2015, renewable 

energies even contributed to 60% of electricity generation in the global market [10]. Despite 

continuously increased electricity contribution by renewable energies in recent years [11], the 

utilization of solar or wind energy is highly dependent on climate change or geographical location, 

thus leading to unreliable power output [12]. To smooth out the intermittency of renewable energy, 

large-scale electrical energy storage (EES) is urgently required to achieve stable power output [13]. 

EES is expected to absorb excessive electric energy when electricity generation exceeds demand 

and release electricity into the power grid to guarantee electricity supply during peak time. The 

construction of an EES system is comprehensively determined by a couple of factors, such as 

energy storage capacity, capital cost, reliability, long time, and safety [14]. According to different 

energy storage mechanisms, EES could be categorized as direct electrical storage (supercapacitors) 
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and energy conversion from electricity to chemical/kinetic/potential energy (batteries, fly wheel, 

pump hydro). Currently, most EES systems require the integration of multi-forms of energy 

storage technologies to supply reliable and high-efficiency electricity utilization [15].  

Among groups of batteries, lithium-ion battery (LIB) is one of the leading EES technologies due 

to the advantageous features of high energy density, fast response, long lifetime, and good safety 

[13, 16, 17]. However, its commercialization is primarily challenged by the limited practical 

capacity of current intercalation-type cathode materials: layered LiMO2 (M=Mn, Co, Ni) (about 

180 A h kg-1), spinel LiMn2O4 (᾽ 120 A h kg
-1) and olivine LiFePO4 (᾽ 180 A h kg

-1) as illustrated 

in Figure 1.1.1a [18-21]. These cathodes have been reported in previous studies to experience 

structure and chemical instability over long-term cycling [17, 22]. The high cost of these cathode 

materials (about 40% of the total battery cost) also hinders the rapid development of LIB [2]. 

Therefore, extensive efforts have been dedicated to developing cost-effective and high-capacity 

cathode materials [23-27]. The conversion-type chalcogen element sulfur (S) has attracted much 

attention over the decades due to its promising capacity in batteries. Lithium-sulfur (Li-S) batteries 

can theoretically deliver a super-high capacity of 1675 mAh g-1 via the electrochemical conversion 

of lithium and sulfur into lithium sulfide (Figure 1.1.1b) [28]. However, the poor electrical 

conductivity of sulfur (10-28 S m-1) leads to low sulfur utilization and unsatisfying capacity [29]. 

Another challenge in the sulfur cathode is the dissolution of long-chain polysulfides (Li2Sn, 4 Ò n 

Ò 8) into ether-based electrolytes, which migrate across the separator and then react with Li anode 

(ñshuttle effectò) [24, 30, 31]. To mitigate the rapid capacity decay caused by shuttle effect, various 

strategies have been attempted and reported [26, 32, 33]. In addition, lithium-selenium (Li-Se) 

batteries have received increasing attention due to their higher electrical conductivity (10-3 S m-1) 

[34]. However, Li-Se also suffers from a serious ñshuttle effectò in ether-based electrolytes, which 

causes poor electrochemical performance [35, 36]. Interestingly, a single-plateau mechanism in 

Li -Se batteries has been found in carbonate-based electrolytes [37-39]. It means Se can be directly 

reduced to Li2Se without the shuttle effect because of the insolubility of Se, Li2Se and 

polyselenides in carbonate-based electrolytes. This finding suggests that Li-Se battery using 

carbonate-based electrolyte is a promising high-energy energy storage device [38, 40, 41]. Despite 

great achievements, the practical capacity of Li-Se batteries is still far away from its theoretical 
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value, especially at high current density, which could be ascribed to the slow reaction kinetics 

caused by the intrinsic electrical conductivity of Se element [23]. 

Tellurium (Te), discovered by Müller in 1782, is another element in the chalcogen family, which 

has two allotropes, amorphous and trigonal Te. The trigonal Te has a narrow bandgap of 0.35 eV 

and excellent photoconductivity, thermoelectricity, piezoelectricity, and nonlinear optical 

properties [42-44]. Te is widely utilized in steel production for improving machinability and solar 

panels as semiconductor materials [42, 43, 45]. Moreover, Te has shown great potential as a new 

electrode material because of its attractive electric conductivity (2×102 S m-1) (Figure 1.1.1c). 

This super high conductivity (30 orders of magnitude higher than S) ensures higher utilization of 

active species and faster kinetics during lithiation/delithiation process [46]. Due to the high density 

(6.24 g cm-3), Te could deliver a theoretical volume capacity of 2621 mAh cm-3 comparable to S 

(3467 mAh cm-3) and Se (3254 mAh cm-3) (Table 1.1.1), although the specific capacity is not 

competitive (420 mAh g-1).[47]. This excellent volumetric capacity is preferred for high-energy 

energy storage batteries due to limited packaging space. Therefore, Li-Te batteries are expected to 

achieve high energy density for large-scale energy storage applications. 

 

Figure 1.1.1. Comparison of (a) intercalation-type cathodes, (b) conversion-type cathode, [21] 

and (c) S, Se, Te. 
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Table 1.1.1 Voltages, capacities, and specific energies of rechargeable Te batteries in 

comparison with Li-ion, Li-S, and Li-Se batteries. 

 Li -iona Li -S Li -Se Li -Te 

Cell voltage (V) b 3.8 2.2 2 1.7 

Specific capacity of cathode (mAh g-1) 137 1675 675 420 

Capacity density of cathode (mAh cm-3) 700 3467 3254 2621 

Theoretical specific energy (Wh kg-1)c 387 2567 1150 644 

a Data of the LiCoO2/graphite battery (electrochemical reaction: 2Li0.5CoO2 + LiC6 ź 2LiCoO2 

+C6) as an example of Li ion batteries. 

b Cell voltage based on discharge plateau voltage. 

c Theoretical data based on the total mass of active materials on the cathode and the anode. 

 

1.2   Main Challenges 

The cell configuration of Li-Te batteries is illustrated in Figure 1.2.1a, with Li metal and Te as 

anode and cathode, respectively. Overall, the electrochemical process in Li-Te batteries is a two-

electron reaction: 2Li+ + 2e- + Te ź Li2Te. The Te crystals possess a hexagonal structure through 

van der Waals interaction between highly helical chains of covalently bonded Te atoms. This 

highly anisotropic structure leads to inherent chirality and a strong tendency to grow along [001] 

direction into a one-dimensional structure [48, 49]. In carbonate electrolyte based Li-Te batteries 

(e.g., 1M LiPF6 in EC: DEC), the charge and discharge curves possess one single plateau at about 

1.8V/1.6V, corresponding to the one-step solid-solid transition from Te to Li2Te (Figure 1.2.1b). 

In the lithiation process, the hexagonal Te is converted to cubic Li2Te, which comes back to 

hexagonal Te during the charge process, as presented in Figure 1.2.1c [50].  

Discharge process:  Te (solid) + 2Li+ + 2e- ź Li 2Te (solid)                                                  Eq. 1.1 

Charge process: Li2Te (solid) ź Te (solid) + 2Li+ + 2e-                                                                               Eq. 1.2 
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Figure 1.2.1. (a) Li-Te cell configuration, (b) charge-discharge profiles, and (c) phase 

transformation of Li-Te batteries in carbonate electrolyte [50]. 

 

However, the Te cathode seriously suffers from large volume expansion (104%) accompanied by 

the formation of discharge product Li2Te, which also occurs in other conversion-type electrode 

materials (e.g., S, Se) [51]. This acute volume expansion and subtraction would induce structural 

instability and cause the pulverization of active materials, thus leading to rapid capacity fading 

[52]. To deal with this problem, one of the commonly used approaches is to tailor cathode 

architectures for Li-Te batteries. For example, utilizing a porous structure to accommodate the 

volume change of Te has been reported to be an effective way of improving electrochemical 

stability [52]. The introduction of conductive carbon also promotes electron transfer and enhances 

redox kinetics, thus contributing to superior electrochemical performance. 

The polytellurides dissolution is another challenge of Li-Te batteries in ether electrolytes (such as 

1M LiTFSI in DOL:DME (1:1, volume ratio)), which originates from the formation of long-chain 

polytellurides Li2Ten (4 Ò n Ò 8) intermediates in Te cathode. The two-step discharge reaction is 

described as the following equations:  
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Step 1: nTe (solid) + 2Li+ +2e- ź  Li 2Ten (4 Ò n Ò 8, liquid)                                                 Eq. 1.3 

Step 2: Li 2Ten + (2n - 2) Li+ + (2n - 2) e- ź  nLi2Te                                                             Eq. 1.4 

These soluble intermediates would migrate across the separator and react with Li metal, leading to 

the low utilization of active materials and capacity fading [53].  

Besides, the safety issue of liquid-based batteries is usually questioned because of the usage of 

flammable and volatile organic solvents [17, 54]. It is essential to replace liquid electrolytes with 

solid electrolytes to construct a safer battery system. The usage of solid electrolytes will also 

simplify battery packing technology and increase energy density [55]. However, the critical 

challenges in solid-state batteries have not been overcome, including the ionic conductivity and 

electrochemical stability of solid electrolytes, the compatibility between electrolytes and 

anodes/cathodes, as well as the electrolyte/electrode interfacial resistance [56, 57].  Extensive 

efforts should be devoted to designing a well-matched solid electrolyte for high-energy-density 

Li -Te batteries.  

Moreover, the commercialization of LIBs is impeded by the scarcity of lithium (0.0017 wt% in 

the Earthôs crust) and the uneven distribution of lithium resources globally [16, 58]. Recently, 

significant efforts have been devoted to exploring abundant and low-cost charge carriers, such as 

sodium and potassium, as an alternative to lithium for rechargeable batteries [59, 60]. In particular, 

potassium has ample reserve in the Earthôs crust (2.09 wt%), resulting in a much lower cost of 

potassium precursors than their lithium counterparts (1,000 USD per ton for potassium carbonate 

vs. 6,500 USD per ton for lithium carbonate) [61, 62]. Theoretically, the potassium element has a 

redox potential of -2.93 V (vs. standard hydrogen potential, Eo), which is lower than that of sodium 

(-2.71 V) and close to lithium (-3.04 V), thus promising a higher working voltage and energy 

density for potassium-ion batteries (PIBs) (Figure 1.3.1) [63]. It has also been shown that PIBs 

possessed fast kinetics and rate performance in organic solvents due to the weak Lewis acidity of 

K ions and the weak interaction of K ions with organic electrolytes [64, 65]. These aforementioned 

features have attracted increasing interest in the development of PIBs as a promising candidate for 

large-scale energy storage in the near future [66, 67]. Te is a potential electrode for high-capacity 

PIBs due to its excellent electrical conductivity and volumetric capacity. However, the 
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fundamental basics of K-Te electrochemistry have not been fully revealed. It is critical to 

investigate the interplay between the Te electrode and electrolyte chemistry. 

Based on the above introduction, Li-Te batteries are expected to realize high capacity and cycling 

stability for energy storage systems. The main challenges are large volume change, electrolyte 

safety, and limited lithium resources. The feasible strategies include cathode structure design, the 

usage of solid electrolytes, and interfacial design, which will be discussed in the next chapter. The 

exploration of K-Te electrochemistry should also be focused on for the scalable application of K-

Te batteries. 

 

Figure 1.3.1. Comparisons of capacity, redox potential, and abundance of metals for anode 

materials. [68] 

1.3   Scope of Research 

This dissertation clarifies the role of Te as a promising electrode material for next-generation high-

energy-density batteries and demonstrates its advantages in terms of specific capacity, volumetric 

capacity, and electrical conductivity compared to current cathode materials. To overcome the main 

challenges of metal-Te batteries, this research provides a systematic study of Te-based batteries, 

including cathode structure design, gel polymer electrolytes fabrication, and interface engineering 

strategies. Furthermore, this dissertation develops a deep understanding of the fundamental 

electrochemistry and the merits and limitations for the development of Te-based rechargeable 

batteries with a detailed analysis of materials cost, specific capacity, and energy density. This 

dissertation also identifies the unanswered scientific and technological questions of the existing 
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battery evaluation standard and proposes suggestions to improve the establishment of battery 

testing and assessment criteria for further commercialization. This will contribute to the further 

development of high-energy-density Te-based rechargeable batteries. 

1.4   Thesis Structure 

This dissertation has been structured as follows: 

Chapter 2 introduces previous studies in the Te-based battery field, including Te/C electrode 

structure, emerging TeS composite cathode, liquid and solid electrolytes, as well as alternative 

metal anodes. The main challenges of metal-Te battery systems are also summarized and discussed. 

The overall and detailed objectives of this dissertation are demonstrated at the end of this chapter. 

Chapter 3 primarily presents morphology and structure characterization techniques used in this 

dissertation. Electrochemical characterizations and battery evaluation methods are also included 

to help understand the redox conversion and interface chemistry of Te-based batteries. 

Chapter 4 clarifies the role of carbon pore structure in Te/C electrodes for Li-Te batteries. The 

effect of carbon structure on the electrochemical performance of Te/C electrodes is 

comprehensively discussed using both commercial carbon and lignin-derived porous carbon. 

Durable Te/C electrodes at various current densities are developed with carbonate electrolytes. 

Chapter 5 characterizes flexible gel polymer electrolytes to establish quasi-solid-state Li-Te 

batteries at room temperature. The advantage of low charge transfer resistance for Li-Te batteries 

is revealed compared to Li-S and Li-Se counterparts.   

Chapter 6 develops a wide range of Te-S solid solutions to integrate both advantages of S and Te 

electrodes. The TexSy composites are characterized with experiments and simulations to 

investigate the internal Li-TeS electrochemistry. Coin cells and pouch cells are both fabricated and 

assessed to validate the effect of Te introduction into S molecules. 

Chapter 7 elucidates electrolyte salt chemistry for the newly emerging K-Te battery system. 

Cycling stability, K-ion diffusion, and kinetics are evaluated to gain insights into electrolyte salts. 

The solid electrolyte interphase layers induced by electrolytes are characterized to analyze the role 

of salts for K-Te batteries. 
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Chapter 8 demonstrates a two-step reaction mechanism for K-Te batteries as concluded from 

various characterization techniques. To solve the issue of capacity fading, an ultrathin aluminum 

oxide film is deposited on the surface of Te electrodes by atomic layer deposition (ALD) technique. 

The electrochemical performance of coated Te electrodes is evaluated, and the corresponding 

cycling stability mechanism improved by the Al 2O3 layer is discussed.  

Chapter 9 reports composite gel polymer electrolytes (CGPE) reinforced by the electrospun 

polyacrylonitrile (PAN) nanofibers for K metal anodes. Electron microscopy and X-ray 

spectroscopy techniques are utilized to identify the morphology and microstructure. Further, 

tensile strength, ionic conductivity, and electrochemical stability window tests of the CGPE are 

carried out. The battery lifetime and accumulated K plating/striping of the CGPE are recorded. 

Finally, the protection mechanism of the CGPE is discussed and illustrated.   

Chapter 10 highlights the conclusions drawn from Chapters 4-9, outlines detailed contributions 

this dissertation made, and proposes suggestions for further development and evaluation of metal-

Te batteries.  

1.5   Novelty and Originality of Research 

The novelty and originality of research from this dissertation are listed as follows: 

This research pioneers the materials design and fundamental investigation of Li-Te or K-Te battery 

systems, addresses the issues of cycling/structural instability of Te electrodes, and develops 

strategies to achieve durable Te-based rechargeable batteries with liquid and gel polymer 

electrolytes. 

In Chapter 4, I clarified the role of carbon pore structure in Te/C electrodes for Li-Te batteries by 

investigating its effect on Te/C cathode structure and cycling performance. It is the first study 

focusing on the discussion about carbon pore properties in Li-Te batteries.  

In Chapter 5, I constructed quasi-solid-state Li-Te batteries with flexible gel polymer electrolytes. 

I demonstrated the advantage of Li-Te batteries over Li -S and Li-Se batteries with the same cell 

configuration for a fair comparison. 
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In Chapter 6, I synthesized a wide range of TeS composite cathodes and completed a systematic 

study of Li-TeS batteries. I revealed the optimal Te/S ratio that could enable a durable and high-

capacity TeS cathode in carbonate electrolytes.  

In Chapter 7, I disclosed the effect of electrolyte salt on K-ion storage capability, kinetics, and SEI 

layer formation for K-Te batteries.  

In Chapter 8, I addressed the cathode/electrolyte instability issue in K-Te batteries by introducing 

a precisely controlled nanofilm on the Te cathode surface. To the best of our knowledge, this is 

the first application of the atomic layer deposition technique in K-Te batteries. 

In Chapter 9, I developed a composite gel polymer electrolyte that could regulate K dendrites 

growth and extend the lifetime of K metal. 
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Chapter 2   Literature Review and Research Objectives 

This chapter begins with an introduction to Te cathode design, TeS composite cathode, and 

electrolyte chemistry for Li-Te batteries. The following section presents the latest research 

progress in the promising cost-effective K-Te battery system with ether and carbonate electrolytes. 

Next, a comparison of capacity and energy density for different metal-Te batteries is provided and 

discussed. The chapter concludes with the main challenges of metal-Te batteries and detailed 

research objectives in this dissertation. 

2.1   Literature Review 

This section provides a comprehensive review of the development of Te-based rechargeable 

batteries consisting of Te cathode design, TeS composite cathodes, electrolyte chemistry, as well 

as K-Te electrochemistry.  

2.1.1   Te Cathode Design 

Generally, the common Te cathode structure can be divided into Te/porous carbon and Te 

nanowires. The detailed cathode structure and its interplay with electrolytes will be introduced in 

the following sub-sections. 

2.1.1.1   Te/Porous Carbon Cathodes 

Wang and co-workers [46] designed a Te/C electrode via a melt-diffusion method in 2014, in 

which the mixture of Te and C was heated at 600 oC (above Teôs melting point: 450 oC) to ensure 

the good impregnation of Te into porous carbon. This pioneering work in carbonate electrolyte 

based (1M LiPF6 in EC:DEC) Li-Te battery using Te/C as the cathode delivered a volumetric 

capacity of 1400 mAh cm-3 after 1000 cycles at 50 mA g-1, confirming the great potential of Te as 

high-volumetric-capacity electrode materials.  

Since then, various porous carbon materials (CMK-3 [69], microporous carbon [70], ordered 

macroporous carbon [71], metal-organic framework-derived carbon [53], biomass-derived carbon 

[72], carbon nanotubes [73]) have been developed and explored as Te hosts for Li-Te batteries. 

CMK-3 is a well-known mesoporous carbon widely used in Li-S/Se batteries [39, 74]. Strasser 
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and co-workers [69] extended its application in Li-Te batteries as a robust Te host in 2016 (Figure 

2.1.1a). The as-synthesized CMK-3 had a large specific area of 1231 m2 g-1 and a pore volume of 

1.41 cm3 g-1, offering sufficient loading sites for Te to accommodate its large volume change 

during charge/discharge processes. Notably, the Te/CMK-3 cathode delivered ultrahigh rate 

capabilities of 96% (0.5C), 86% (1C), 78% (2C), 69% (5C) of the theoretical capacity (420 mAh 

g-1), and showed exceptional durability with a capacity retention of 85% even after 990 cycles at 

10C (Figures 2.1.1b-d). The biomass-derived carbon also receives much attention due to its 

unique pore structure and abundant resources on the earth. Li et al. [72] utilized discarded lotus to 

synthesize rib-like hierarchically porous carbon (RHPC) by a facile hydrothermal-pyrolyzation 

method. Benefiting from the hierarchical pore structure, the Te/RHPC cathode showed exceptional 

capacity stability with a reversible capacity of around 288 mAh g-1 (1797 mAh cm-3) for 3600 

cycles at 2C. The nitrogen-doped hierarchical porous carbon (NPCS) is employed by Li et al. [75] 

as a Te host for boosting the electrochemical performance of the Te electrode. The defects along 

the NPCS matrix induced by the nitrogen heteroatom (pyridine-like, pyrrolic-like, and quaternary 

nitrogen) are favorable for accelerating electron transfer and capacity contribution [76]. In the 

long-term cycling test, the Te/NPCS cathode exhibited excellent capacity and remained 310 mAh 

g-1 after 200 cycles at 0.25 C. Moreover, Li et al. [73] designed a unique muscle-like Te/C 

electrode in which Te was incorporated into the carbon nanotube/hollow carbon cell (CNT@HCC) 

matrix. In this structure, HCC acts as a ñtissue cellò to accommodate Te, while CNT behaves like 

a ñblood capillaryò to facilitate the transportation of ions and electrons. In the rate performance 

test, the CNT@HCC/Te cathode delivered 242, 212.7, 176, and 124 mAh g-1 at 0.5, 1, 2, and 5C.  
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Figure 2.1.1. Te/C cathodes prepared by the melt-diffusion method for Li-Te batteries. (a) 

Synthesis approach, (b) BET, (c) charge/discharge curves, and (d) rate performance of CMK-

3/Te cathodes. [69]  

Interestingly, Zong and co-workers [71] compared the cycling performance of S, Se, and Te with 

ordered microporous carbon (OMC) as hosting material at 1 A g-1 with the electrolyte of 1M 

LiClO4 in DMSO (Figure 2.1.2).  Despite lower initial capacity, the Te@OMC cathode remained 

super stable at 130 mAh g-1 over 150 cycles, outperforming S@OMC and Se@OMC. The superior 

stability of Te@OMC could be attributed to the considerably higher electrical conductivity of 

tellurium and the good solubility of Li2Te in DMSO. The capacity retention (compared with 

corresponding theoretical capacity) of the three cathodes versus current density was also tested. 

Even at a high current density of 2000 mAh g-1, Te@OMC remained up to 21.2% (89 mAh g-1), 

higher than that of S@OMC (2.6%, 43 mAh g-1) and Se@OMC (7.1%, 48 mAh g-1). Moreover, 

the workers prepared a carbon-free free-standing Te nanowire mat without any carbon additive or 

binder. The volumetric capacity and energy density of the Te mat reached about 900 mAh cm-3 

and 1800 mWh cm-3 (50% higher than that of LiCoO2), respectively.  
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Figure 2.1.2. (a)TEM image and elemental distribution of Te@ordered microporous carbon 

(OMC), (b) adsorption-desorption isotherms of OMC and Te@OMC, (c) GITT plot, (d) Nyquist 

plot, (e) cycling performance and (f) rate capability of S@OMC, Se@OMC, and Te@OMC.[71]  

It is mentioned that the ether electrolyte induces a two-step electrochemical conversion from Te 

to soluble intermediates and then to the final product of Li2Te in Li-Te batteries. Based on the 

reaction mechanism, He et al. [53] prepared a well-confined Te/C-Co-N cathode with a high Te 

content of 77.2 wt%. The highly conductive porous carbon was synthesized by the synthesis of 

metal-organic framework ZIF-67, carbonization, and cobalt-nitrogen doping (Figure 2.1.3a). With 

1M LiTFSI in DOL:DME as the electrolyte, the unique Te/C-Co-N cathode showed ultrahigh 

capacity retention of 93.6% over 800 cycles and excellent rate capabilities of 2160, 1327.6, 894.8 

mAh cm-3 at 4, 10, and 20C, respectively (Figures 2.1.3b-e). Furtherly, DFT simulations suggest 

that the adsorption energy between lithium polytellurides and C-Co-N is higher compared to the 

graphene, indicating stronger immobilization of Li2Ten (n > 2) on the C-Co-N matrix (Figures 

2.1.3f-g). In summary, the microporous and highly conductive C-Co-N matrix offers a majority of 

Te loading sites to suppress the volume change of Te and abundant channels for electron transfer 

and ions diffusion, thus mitigating the dissolution of polytellurides and improving the durability 

of Li-Te batteries.  
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Figure 2.1.3. (a) synthesis process and morphology, (b) CV plots, (c) charge/discharge profiles, 

(d) cycling, (e) rate performance of Te/C-Co-N cathodes, (f) molecular structure of lithium 

polytellurides, and (g) DFT simulations of the adsorption energy of lithium polytellurides with 

C-Co-N derived from ZIF-67. [53] 

2.1.1.2   Te Nanowires 

Although the introduction of host materials alleviates the volume expansion of Te, the preparation 

of Te/C electrodes usually involves multiple steps and additional materials costs (carbon additive 

and binder). This additional materials consumption drags down the energy and power density of 

the whole Te cathode. In this case, the construction of carbon-free and binder-free Te electrodes 

typically characterized by Te nanowires has gained increasing attention to develop high-energy 

Li -Te batteries [47, 77, 78]. One good example is the three-dimensional rGO/Te nanowire aerogel 
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(3DGT) (Figure 2.1.4a) [47]. The Te nanowires were synthesized by a poly (vinyl pyrrolidone) ï 

assisted hydrothermal process and the as-prepared crystalline Te nanowire has an ultrathin 

diameter of about 40 nm (Figure 2.1.4b). The free-standing 3DGT aerogel possessed a 

hierarchically porous structure with Te nanowires tightly wrapped by thin rGO. When using ether 

electrolyte, the 3DGT cathode had two sharp cathodic peaks at 1.68 V and 1.56 V, which were 

assigned to the formation of Li2Ten (4 Ò n Ò 8) and Li2Te2/Li 2Te (Figures 2.1.4c-d). The 3DGT 

cathode exhibited a high initial capacity of 2611 mAh cm-3 at 0.2C and capacity retention of 88% 

after 200 cycles (Figure 2.1.4e-f), which are attributed to the fast ions diffusion and electron 

transfer given by the rich-porosity and conductivity network.  
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Figure 2.1.4. Nanostructured Te cathodes for Li-Te batteries. (a) Synthesis process and 

morphology and (b) electrochemical performance of three-dimensional rGO/Te nanowire aerogel 

(3DGT). [47]  

Carbon nanotube (CNT) aerogel was also prepared to combine with Te nanowires for high-

capacity Li-Te batteries [77]. The reported CNT aerogel had a large surface area of 1865 m2 g-1 

and a pore volume of 0.964 cm3 g-1 and showed excellent compressibility and structural stability 

in a compressive stress-strain test. The workers designed two battery structures (TeNW/CNT and 

Te@CNT) with the aerogel CNT as an interlayer between the separator and TeNWs or conductive 

substrate for Te accommodation in the Li-Te batteries (Figures 2.1.5a-b). DMSO-based 

electrolyte was used in this study to achieve high working voltage and energy density of Li-Te 

batteries. The TeNW/CNT cathode delivered a discharge capacity of 328 mAh g-1 in the first cycle 

with the voltage plateau at 2.15 V at 0.1 C (Figures 2.1.5c-d). It was found that the dissolved 

Li 2Te molecules in DMSO are trapped by adsorption sites on carbon cloth, leading to the structural 

transition from TeNW/CNT to Te@CNT over cycling. To ensure closer contact between Te and 

CNT, the TeNW/CNT was heated above the melting point of Te in an inert atmosphere to form 

the Te@CNT structure, which showed a long discharge plateau at about 1.7 V, despite a lower 

working voltage than TeNW/CNT (Figures 2.1.5e-f). After 100 cycles at 0.1 C, the Te@CNT 

cathode still held 330 mAh g-1, revealing good stability of the Te@CNT structure. The capacity 

stability could be attributed to the effective trap of Te and Li2Te into nanopores, fast electron 

transfer by the CNT matrix, and alleviated deformation stress over cycling by the elastic CNT 

aerogel. Notably, the Te@CNT achieved 400 W h kg-1 (1600 W h L-1) after the first cycle, 

exceeding the theoretical energy density of LiCoO2 (350 W h kg-1).  
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Figure 2.1.5. (a) synthesis and cathode architectures of Te nanowires/elastic carbon nanotube 

(Te@CNT and Te/CNTs) aerogel, (b) morphology of TeNWs and CNTs, and electrochemical 

performance of (c-d) Te@CNT and (e-f) Te/CNTs. [77] 

Besides, Te nanorods deposited on nickel foam (Te@Ni) were fabricated by Huang et al. [78] 

through a fast galvanic replacement method. The whole process takes only 10 minutes to 

synthesize a large amount of Te nanorods with a diameter of 97 nm, driven by the large 

electrochemical potential difference between Te and Ni in an acidic solution. The Te@Ni showed 

one single plateau in the charge-discharge profiles with both carbonate and ether electrolyte, 

indicating that Te was directly converted to Li2Te. However, the capacity experienced a dramatic 

decline below 80 mAh g-1 after only four cycles at the current density of 100 mA g-1, which was 

caused by large volume expansion (about 200%) due to the formation of Li2Te. By using the 

DMSO-based electrolyte, the Te@Ni cathode possessed improved capacity stability, which is due 

to alleviated volume change by the good solubility of Li2Te in DMSO solvent. After carbon cloth 

was introduced between the separator and Te@Ni cathode, the battery showed furtherly enhanced 

stability due to the strong adsorption capability of nanopores in the carbon cloth. The Li-Te battery 
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with interlayer delivered a specific capacity of 116.2 mAh g-1 compared to that without interlayer 

(40.4 mAh g-1) after 70 cycles under the current density of 100 mA g-1.  

The high-energy mechanical milling (HEMM) technique was a simple method for the preparation 

of nanosized Te and carbon composite [50]. The nanosized Te with 6.8 nm was obtained. The 

well-dispersed Te crystallites (5-10 nm) within the amorphous carbon matrix could be observed 

after Te/C mixture was mechanically milled for 6 h under the high pressure of 6 GPa and 

temperature above 200 °C. The MR-Te/C composite kept 96% of the initial capacity (597 mAh 

cm-3 or 252 mAh g-1) over 100 cycles with a current density of 100 mA g-1. It is noteworthy that 

the size of Te nanocrystallites was stable even after 50 cycles, and no agglomerate was observed, 

suggesting excellent stability of the MR-Te/C cathode. The superior cycling performance was 

attributed to the nanosized Te confined in a carbon matrix, which shortened the diffusion paths of 

ions during lithiation/delithiation process. 

Table 2.1.1 lists the reported Li-Te batteries with various cathode structures. To sum up, 

embedding Te molecules into a porous host could significantly improve the specific capacity and 

cycling stability of the Li-Te batteries by mitigating volume expansion during 

lithiation/delithiation process. The abundant micro-/mesopores of carbon are also beneficial for 

ions diffusion and electron transfer, as well as electrolyte infiltration, thus accelerating the reaction 

kinetics of the Te/C cathode. However, the relatively low Te content and loading indicate low 

overall energy density, which is far away from the requirements of large-scale energy storage 

systems. On the other hand, the free-standing Te nanowires are directly used as cathodes without 

the addition of conductive materials and binders, elevating the energy density of the whole Li-Te 

battery. At the same time, the electrochemical stability still needs improvement.  
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Table 2.1.1 Comparison of Te-based cathodes in Li-Te batteries. 

Cathode 

Te or 

TexSy 

content 

(wt%) 

Te 

loading 

(mg cm-

2) 

Pore 

volume 

(cm3 g-1) 

Electrolyt

e 

Discharge 

capacity: 1st Ą 2nd 

cycle* 

Cycling 

performance 
Ref. 

Te-impregnated porous carbon (Te/C) cathode 

Te/C 50 1 0.44 

1M LiPF6 

in 

EC:DEC 

324 Ÿ 317 mAh g-

1 at 50 mA g-1 

224 mAh g-1 after 

1000 cycles at 50 

mA g-1 

[46] 

MR-Te/C  65.1 3.16 N/A 

1M LiPF6 

in 

EC:DEC 

1088 mAh cm-3 

(740 mAh g-1) 

Ÿ780 mAh cm-3 at 

10 mA g-1 

597 mAh cm-3 

(252 mAh g-1) 

after 100 cycles at 

100 mA g-1  

[50] 

Te/CMK-

3 
55.1 - 1.41 

1M LiPF6 

in 

EC:DMC 

450 Ÿ403 mAh g-

1 at 0.5C  

286 mAh g-1 at 

10C for 990 cycles 

(85% retention) 

[69] 

Te/RHPC 50 2 0.765 

1M LiPF6 

in 

EC:DEC 

480 Ÿ 450 mAh g-

1 at 0.5C  

Keep 288 mAh g-1 

for 3600 cycles at 

2C 

[72] 

Te/HCC

@CNT 
50 - 0.882 

1M LiPF6 

in 

EC;DEC 

700 Ÿ 380 mAh g-

1 at 0.5C  

700 Ÿ 240 mAh g-

1 after 500 cycles 

at 0.5C 

[73] 

Te/MPC 68 1 0.638 

1M 

LiTFSI in 

DOL:DM

E 

670 Ÿ 481 mAh g-

1 at 0.1C  

274 mAh g-1 at 1C 

after 1000 cycles  
[70] 

Te/C-Co-

N 
77.2 2 0.64 

1M 

LiTFSI in 

DOL:DM

E 

2615.2 Ÿ 2600 

mAh cm-3 at 0.2C 

2484.4 Ÿ 2324.5 

mAh cm-3 after 

800 cycles at 1C 

[53] 

Te/NPCS 50 - 0.33 

1M 

LiTFSI in 

DOL:DM

E 

 510 Ÿ 420 mAh 

g-1 at 0.25C 

510 Ÿ 310 mAh g-

1 after 200 cycles 

at 0.25C 

[75] 

Te/OMC 1. 70 - 2.38 

1M 

LiClO4 in 

DMSO 

 about 338Ÿ290 

mAh g-1 at 100 mA 

g-1 

130 mAh g-1 at 

1000 mA g-1 for 

150 cycles 

[71] 

Nanostructured Te cathode 
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Cathode 

Te or 

TexSy 

content 

(wt%) 

Te 

loading 

(mg cm-

2) 

Pore 

volume 

(cm3 g-1) 

Electrolyt

e 

Discharge 

capacity: 1st Ą 2nd 

cycle* 

Cycling 

performance 
Ref. 

TeNWs/ 

rGO 
63.3 1.1 N/A 

1M 

LiTFSI in 

DOL:DM

E 

2611 Ÿ2500 mAh 

cm-3 at 0.2C 

2443 mAh cm-3 

(391.5 mAh g-1) Ÿ 

1685 mAh cm-3 

(270 mAh g-1) 

after 500 cycles at 

1C 

[47] 

TeNW@

CNTs 
50 2.55 0.964 

1M 

LiTFSI in 

DMSO 

548 Ÿ 400 mAh g-

1 at 0.1C  

488 Ÿ 238 mAh g-

1 after 200 cycles 

at 1C 

[77] 

Te 

nanowires 
100 1 N/A 

1M 

LiClO4 in 

DMSO 

About 2100 Ÿ900 

mAh cmī3 at 100 

mA g-1 

900 mAh cmī3 

(1800 mWh cmī3) 

at 100 mA g-1 for 

80 cycles 

[71] 

Te 

nanorods 
1.19 0.35 N/A 

1M 

LiClO4 in 

DMSO 

276.6 Ÿ230 mAh 

g-1 at 100 mA g-1 

70.5 Ÿ 47 mAh g-

1 after 500 cycles 

at 100 mA g-1 

[78] 

Te 

nanotubes 
13 0.8 N/A 

PEO/LiTF

SI 

580Ÿ405 mAh g-1 

at 100 mA g-1 at 20 

°C (cut -off 

voltage: 0-3V) 

580 Ÿ 316.7 mAh 

g-1 after 500 cycles 

at 100 mA g-1 at 60 

°C  

[79] 

Tellurized polymer cathode 

Te-3-

S/KB 
64.45 1-1.2 N/A 

1M 

LiTFSI 

and 0.1M 

LiNO3 in 

DOL:DM

E 

1200Ÿ1180 mAh 

g-1 at 0.5 A g-1 (1.8-

2.8V) 

800 Ÿ 673 mAh g-

1 after 400 cycles 

at 5 A g-1 

[80] 

Te/Sef-C 70 0.7-1.0 N/A 

1M LiPF6 

in 

EC:DEC 

6800Ÿ4000 mAh 

cm-3 at 0.2C 

(1C=3454 mAh 

cm-3) (1.0-2.85V) 

4000Ÿ 2275 mAh 

cm-3 after 250 

cycles at 0.2C 

[81] 

CMK-

3/S-Te-1 

Te: 

1wt% 
1-1.5 N/A 

7M 

LiTFSI in 

DOL:DM

E:10%VC 

1650Ÿ1200 mAh 

g-1 at 0.1C (1.0-

3V) 

1800Ÿ 726.9 

mAh g-1 after 200 

cycles at 0.2C 

[82] 

TexS1-x/C 70 2.5-2.9 N/A 

1M LiPF6 

in 

EC:DMC 

1250Ÿ995 at 250 

mAh g-1 mA g-1 

(1.0-3V) 

1080Ÿ 485 mAh 

g-1 after 500 cycles 

at 1 A g-1 

[83] 
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Cathode 

Te or 

TexSy 

content 

(wt%) 

Te 

loading 

(mg cm-

2) 

Pore 

volume 

(cm3 g-1) 

Electrolyt

e 

Discharge 

capacity: 1st Ą 2nd 

cycle* 

Cycling 

performance 
Ref. 

TexSy@P

ANI 
85.6 1-2 N/A 

1M 

LiTFSI in 

DOL:DM

E 

1141Ÿ1035 mAh 

g-1 at 0.1 A g-1 (1.0-

2.7V) 

223Ÿ 185 mAh g-

1 after 200 cycles 

at 5 A g-1 

[84] 

Te0.04S0.96

@pPAN 
 1-2 N/A 

1M 

LiTFSI 

(0.1M 

LiNO3) in 

DOL:DM

E 

1650Ÿ1300 mAh 

g-1 at 0.5 A g-1 (1.0-

3V) 

1350Ÿ750 mAh 

g-1 after 600 cycles 

at 1 A g-1  

[85] 

Te0.04S0.96

@pPAN 
 1-2 N/A 

1M LiPF6 

in 

EC:DMC:

DEC 

1900Ÿ1504 at 0.1 

A g-1 

1100 after 200 

cycles at 0.5 A g-1 
[85] 

* 1C = 420 mA g-1 otherwise noted. 

 

2.1.2   TeS Composite Cathodes 

While the well-confined Te/C and nanostructured Te cathodes demonstrated excellent capacity 

and cyclability, Li-Te batteries intrinsically have relatively low gravimetric energy density due to 

the limited theoretical capacity of Te (420 mAh g-1). To address this shortcoming, Te is combined 

with S, a high-capacity conversion-type electrode material, to develop a TexSy composite cathode. 

The TexSy composites marry the advantages of each component, i.e., superior electronic 

conductivity of Te and high Li-ion storage capacity of S (1,675 mAh g-1). As extensively studied 

over past decades, the practical capacity of Li-S battery is far from its theoretical value (1675 mAh 

g-1), mainly due to the dissolution of polysulfides, shuttle effect, and the intrinsically low electrical 

conductivity of S [86, 87]. TexSy composites are a promising approach to overcoming the 

challenges of S-only cathodes. The high electronic conductivity of Te can accelerate the redox 

kinetics, alleviate polysulfide dissolution, and enhance battery performance [80, 85, 88]. The 

potential of TexSy composites has been demonstrated in a few recent studies as follows. 
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Sun et al. [83] fabricated heteroatomic TexS1-x confined in ordered mesoporous CMK-3 through a 

melt-diffusion method and applied TexS1-x/CMK-3 as the cathode in Li-chalcogen batteries with 

carbonate electrolytes. The Te-S compound was synthesized by heating the mixture of Te and S at 

550 °C for 4 h in a sealed vessel under vacuum. The XPS spectra at 574.7 and 585.1 eV in Te 3D 

XPS spectra proved the formation of a covalent Te-S bond in the molten mixture at high 

temperatures [89, 90]. The heteroatomic TexS1-x possessed higher electrical conductivity than S 

due to the introduction of Te with higher p orbitals, thus enabling the highly heteropolar Te-S bond 

to anchor S firmly in CMK-3. The electrochemical evaluation showed that the TexS1-x/CMK-3 

cathode showed two peaks at 2.3 and 1.6 V in the first cathodic scan, corresponding to the stepwise 

conversion from TexS1-x to polysulfides/polytellurides/polysulfotellurides and then to Li2S/Li2Te. 

In the subsequent scans, only one pair of peaks at 1.8 and 2.0V was observed in TexS1-x/CMK-3, 

indicating a one-step ñquasi-solid-stateò reaction mechanism in carbonate electrolyte-based Li-

TexS1-x batteries. Notably, Te0.1S0.9/CMK-3 showed extended charge/discharge plateaus and 

higher capacities, likely due to the enhanced electronic conductivity by Te doping (Figures 2.1.6a-

b). Moreover, the Te/S molar ratio in the TexS1-x composites was optimized, and the 

Te0.1S0.9/CMK-3 cathode with a Te/S molar ratio of 1:9 displayed the best electrochemical 

performance, with the highest reversible capacity of 845 mAh g-1 and CE of 99.6% after 100 cycles 

at 250 mA g-1 (Figure 2.1.6c). Furthermore, the Te0.1S0.9/CMK-3 cathode exhibited relatively 

stable cycling performance over 500 cycles at high rates of 1 and 3 A g-1 (Figure 2.1.6d). The 

excellent electrochemical performance of the Te0.1S0.9/CMK-3 cathode was due to the accelerated 

reaction activity by Te doping and a Te-induced protective SEI layer (Figure 2.1.6e). The in-situ 

generated SEI layer (Li2TexSy, 4 Ò x + y Ò 8) on the electrode surface prevented the side reactions 

between polychalcogenides and carbonate electrolytes, therefore promising good reversibility of 

the TexS1-x/CMK-3 cathode. The direct comparison between the Te0.1S0.9/CMK-3 and S/CMK-3 

cathodes suggests the critical importance of Te doping for accelerating electronic diffusion in the 

Te0.1S0.9/CMK-3 cathode to allow fast ñquasi-solid-stateò reactions, which is nearly impossible for 

S/CMK-3 cathodes in the carbonate electrolytes. 
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Figure 2.1.6. TexSy composite cathodes. Charge-discharge profiles of (a) Te0.1S0.9/CMK-3 and 

(b) S/CMK-3. (c) Cycling performance of TexS1-x/CMK-3 (x=0.05, 0.1, 0.2), (d) capacity 

stability of Te0.1S0.9/CMK-3 at 1 A g-1 and 3 A g-1, and (e) schematic diagram of the formation of 

Te-induced SEI layer on TexS1-x/CMK-3 cathode surface. [83].  

Qian et al. [85] analyzed the effect of Te doping on the electron density distribution of S and found 

that higher p orbitals of Te provided more energy states and reshaped the electrical conductivity 

of S and Li2S, as shown in Figures 2.1.7a. The improved conductivity of TexSy could be attributed 

to the narrow bandgap between the valence and conduction bands after the addition of Te. 

Moreover, Te-S showed lower lithiation energy (-3.31 eV) and de-lithiation energy (4.48 eV) than 

S (-3.24 eV for lithiation and 5.33 eV for de-lithiation), indicating a lower energy barrier for Li+ 

lithiation and de-lithiation in TexSy composites than in solely S (Figure 2.1.7b). The theoretical 

calculations obtained five Li migration pathways near the Te in TeīLi2S, as shown in Figure 

2.1.7c. Pathway 1 is through the most favorable potential energy surface with the lowest migration 

energy barrier for both Li2S (0.37 eV) and TeīLi2S (0.08 eV) (Figure 2.1.7d). In a CV test, the 

Te-3-S/KB cathode showed a positive shift for lithiation and a negative shift for de-lithiation, 

revealing decreased cell polarization and improved electrochemical reversibility. The higher onset 

potential for lithiation (2.395 V) and lower value for de-lithiation (2.201 V) of Te-3-S/KB also 

revealed more active electrochemical reactivity in the Te-3-S/KB cathode than in the S/KB cathode. 
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The increased exchange current density derived from Tafel plots of Te-3-S/KB suggested that 

electron transfer is facilitated by Te doping. With an electrolyte of 1M LiTFSI and 0.1M LiNO3 

in DOL/DME, the Te-3-S/KB cathode exhibited enhanced cycling and rate performance compared 

to S/KB (Figures 2.1.7e-h). As the current density increased to 20 A g-1, the Te-3-S/KB cathode 

retained 579 mAh g-1, whereas S/KB only delivered 287 mAh g-1. Besides, the specific capacity 

retention of Te-S/KB increased over the initial cycles, with Te content growing to 5 wt% (Figure 

2.1.7f). In the long-term cycling test, the Te-3-S/KB cathode maintained 673 mAh g-1 after 400 

cycles at 5 A g-1, corresponding to a fading rate of 0.026% per cycle, whereas S/KB experienced 

rapid capacity fading with only 322 mAh g-1 remaining after 400 cycles (Figure 2.1.7g). The Te-

3-S/rGO also displayed an exceptional specific capacity of Ḑ656 mA h gī1 at a current density of 

5 A gī1 after 1000 cycles (Figure 2.1.7h). 

 

Figure 2.1.7. (a) Electron density differences for S, Li2S, Te-S, Te-Li 2S, (b) formation energies 

of lithium insertion and extraction for the initial lithiation and delithiation process, (c) possible 

Li migration pathways in Te-Li 2S, (d) energy profiles for Li migration pathway 1 in Li2S and Te-

Li 2S, (e) rate performance of Te-3-S/KB and S/KB, (f) discharge capacities and corresponding 

capacity retention versus dopant ratio at the 1st and 50th cycle, and long-term cycling 

performance of (g) Te-3-S/KB and S/KB, (h) Te-3-S/rGO at 5 A g-1. [85]  

From the above research, it becomes apparent that Te doping is an effective way of manipulating 

the redox kinetics of Li-S chemistry to achieve high energy density and stable cycling in both the 
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carbonate and ether-based electrolytes. Moreover, the TexSy composite cathodes simultaneously 

overcome the low gravimetric capacity of Te-only cathodes and the poor reaction kinetics of S-

only cathodes. Therefore, Te doping in S cathodes has tremendous promise to address the grand 

challenges in Li-S batteries hindering practical applications. 

Te doping has also been applied to tailor the structure and improve the performance of sulfurized 

polymer cathodes, another widely investigated approach to mitigate the shuttle effect in Li-S 

batteries. One typical example is sulfurized polyacrylonitrile (S@pPAN), in which S is chemically 

bonded to a highly conductive pPAN polymer network [91]. The S@pPAN structure only involved 

S3-4, and the soluble Li2Sn (n Ò 4) were the main intermediates under the ñdissolution-depositionò 

mechanism [92]. Therefore, the S@pPAN cathode could maintain a high reversible capacity of 

1,000 mAh g-1 after 1,000 cycles in carbonate electrolytes [93]. The excellent stability could be 

attributed to protective SEI layers generated by the reaction of carbonate solvents and Li2Sn (n Ò 

4) on the cathode surface [94]. However, the S@pPAN cathode performed poorly in ether 

electrolytes due to the slow redox conversion from polysulfides to Li2S2/Li 2S [95]. To boost redox 

reactions, Li et al. [85] adopted Te as a eutectic accelerator in S@pPAN to promote redox kinetics, 

suppress polysulfide dissolution, and enhance its cycling stability in ether electrolytes. The 

synthesis process of TexS1-x@pPAN included the preparation of TexSy compounds (heating at 

445 °C for 24h in a vacuum sealing tube) and subsequent heat-treatment of TexSy and PAN mixture 

with the ratio of 1:3 (300 °C, 3 h under argon atmosphere) as illustrated in Figure 2.1.8a. The as-

obtained TexS1-x@pPAN particles had an average diameter of 200 nm and uniform distribution of 

S and Te in the composite. The Te0.04S0.96@pPAN cathode maintained a highly stable capacity of 

about 1250 mAh g-1 at 0.5 A g-1 in both carbonate and ether electrolytes (Figures 2.1.8b and 

2.1.8c). It also delivered high-rate capabilities of 1500, 1372, 1292, 1232, 1184, 1122, 1059, 1012, 

948, and 861 mAh g-1 at various current densities from 0.1 to 10 A g-1 in an ether electrolyte. 

Figures 2.1.8d-i demonstrate the thermodynamics and kinetics of S@pPAN and 

Te0.04S0.96@pPAN. The Te0.04S0.96@pPAN cathode exhibited a lower overpotential than S@pPAN 

(0.35 vs. 0.52 V), as shown in the CV and charge-discharge profiles (Figures 2.1.8d-e). 

Furthermore, UV-vis spectra detected obvious S8
2-/S6

2- species absorption peaks at 260 nm (Figure 

2.1.8f), confirming the dissolution and migration of polysulfides intermediates in the S@pPAN 

electrode. The disappearance of the representative peaks of the S8
2-/S6

2- species for 

mailto:Te0.04S0.96@pPAN
mailto:Te0.04S0.96@pPAN
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Te0.04S0.96@pPAN indicated the suppressed shuttle effect and fast redox conversion from soluble 

polysulfides to insoluble Li2S2/Li2S in ether electrolytes. Figure 2.1.8g showed that Li+ diffusion 

coefficient of Te0.04S0.96@pPAN was 3-4 times higher than that of S@pPAN in charge and 

discharge reactions. The reaction resistance of Te0.04S0.96@pPAN was also lower than that of 

S@pPAN at various states of charge and discharge depths (Figures 2.1.8h-i), revealing that Te 

doping accelerated charge transfer during lithiation and delithiation. The enhanced Li+ diffusion 

in  Te0.04S0.96@pPAN coincided with the lower energy barrier (0.44 eV for Te0.04S0.96@pPAN vs. 

1.33 eV for S@pPAN) calculated by DFT theory. Moreover, the Te0.04S0.96@pPAN cathode 

delivered an outstanding electrochemical performance in Na batteries with carbonate and ether 

electrolytes [96]. The electrochemical and spectral techniques (CV, UV-vis, XPS, Raman) 

revealed a two-step reaction pathway of Te0.04S0.96@pPAN, with Na2S3 and Na2S the main 

intermediate and ultimate discharge product, respectively. The Na-Te0.04S0.96@pPAN battery 

delivered a high specific capacity of 629 mAh g-1 at the high current density of 6 A g-1, benefiting 

from the accelerated reaction kinetics resultant of Te doping. 

 

Figure 2.1.8. (a) Synthetic route of TexS1-x@pPAN, cycling performance of Te0.04S0.96@pPAN 

in (b) carbonate electrolyte and (c) ether electrolyte, (d) CV plots, (e) charge-discharge profiles, 

(f) UV-vis spectra, (g) Li+ diffusion coefficients, (h, i) reaction resistance during discharge and 

charge process of S@pPAN and Te0.04S0.96@pPAN. [85]  

mailto:Te0.04S0.96@pPAN
mailto:Te0.04S0.96@pPAN
mailto:Te0.04S0.96@pPAN
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Li et al. [84] developed a novel one-step nonlinear electrochemical method to synthesize 

TexSy@polyaniline nanorods from bulky Te flakes. In this approach, Te was first oxidized and 

then reacted with ammonium sulfide to form TexSy, which was simultaneously encapsulated into 

polyaniline via in situ polymerization. The TexSy@polyaniline nanostructure was controlled in an 

oscillatory manner. The TexSy@polyaniline cathode delivered a specific capacity of 1035, 785.5, 

461.3, and 383.6 mAh g-1 at current densities of 0.1, 0.5, 1, and 2 A g-1, respectively. The superior 

rate performance resulted from the boosted redox kinetics of the nanostructured 

TexSy@polyaniline during the charge/discharge process. In situ TEM characterization revealed the 

volume change of the TexSy@polyaniline cathode during the lithiation and de-lithiation process. 

It was found that some small TexSy@polyaniline nanorods remained relatively stable without 

noticeable volume variation over repetitive cycles due to the effective confinement of TexSy in the 

polyaniline network. 

Above all, the TexSy composite confined in the porous carbon or conductive polymer network 

showed great potential as a high-capacity cathode in Li-battery applications. By using the Te 

doping strategy, TexSy compounds, and tellurized/sulfurized polymers exhibited higher polarity, 

which leads to a lower energy barrier for accelerated Li-ion diffusion and redox kinetics in Li-

TexSy batteries. Simultaneously, polysulfide dissolution was effectively alleviated, thus realizing 

improved cycling and rate performance in carbonate and ether electrolytes compared to Li-S 

chemistry. More efforts should be devoted to addressing the low loading and content of TexSy 

active materials for practical applications of Te-based rechargeable batteries. 

2.1.3   Electrolyte Chemistry 

This section describes the research progress of Li-Te batteries with ether, carbonate, DMSO-based 

electrolytes, and solid polymer electrolytes. 

2.1.3.1   Liquid Electrolytes 

The electrolyte is responsible for Li+ ion conduction between the anode and cathode, which has a 

determining effect on the overall cell capacity and efficiency. The liquid electrolyte is primarily 

composed of salt, solvent, and additives. Based on the different types of solvent, the liquid 

electrolyte for Li-Te batteries is categorized into carbonate, ether and DMSO-based electrolyte. 



29 

 

Here, we summarized the redox conversion of Li-Te batteries under each electrolyte with a similar 

cathode structure (Te/porous carbon).  

When using carbonate electrolyte (e.g., 1M LiPF6 in EC:DEC) in Li-Te batteries, the ASAC25-Te 

cathode only presents one pair of cathodic/anodic peaks at 1.55/1.85V (Figure 2.1.9a), indicating 

the one-step conversion between Te to Li2Te. In ether electrolyte (1M LiTFSI in DOL:DME), the 

Te/C-Co-N cathode shows multiple reduction/oxidation peaks, which are consistent with the 

discharge/charge plateaus (Figure 2.1.9b) [53]. Based on the structure information from operando 

Raman spectroscopy, the sharp redox peaks at 2.7, 2.3, and 1.75 V in CV correspond to the 

formation of Li2Te8 and Li2Te6, Li2Te4, and short-chain Li2Te3 and Li2Te2, which are ultimately 

converted to Li2Te. In contrast, the more polar solvent DMSO results in a significantly higher 

voltage of Te@OMC (see Figure 2.1.9c) [71], which benefits from the stronger solvation effect 

of DMSO, thus inducing higher cathodic potential [97]. It is also found that Li2Te is the sole 

soluble discharge product confirmed by UV-vis spectroscopy as no peak shift is observed at 254nm 

with different lithiated Te in DMSO. The absence of polytellurides is beneficial for mitigating the 

shuttle effect and enhancing battery stability. It should be emphasized that the uplifted average 

working voltage of 2.03 V is comparable to that of Li-S batteries, which is favorable for the 

development of higher-energy density Li-Te batteries. 

 

Figure 2.1.9. Galvanostatic charge-discharge curves of Te/C cathodes in different electrolytes of 

(a) 1M LiPF6 in EC:DEC (1:1), (b) 1M LiTFSI in DOL:DME (1:1) [53], (c) 1M LiClO4 in 

DMSO [71], and (d) solid electrolyte (LiTFSI-PEO) [79]. 
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2.1.3.2   Solid Electrolytes 

However, the traditional liquid electrolytes suffer from the inevitable safety issue due to the 

flammability and toxicity of organic solvents (e.g., EC, DEC, DME). Herein, solid electrolyte 

attracts great attention since the introduction of solvent is nearly avoided. In the meantime, the 

energy density could be increased by replacing liquid electrolytes with solid electrolytes. These 

advantages of all-solid-state lithium-ion batteries have encouraged attractive research progress [55, 

57]. Technically, solid electrolyte acts as both separator and ion conductors, which is expected to 

possess high ion conductivity, broad electrochemical window, excellent electrochemical, thermal, 

and structural stability, and low cost. Currently, the development of solid-state batteries is mainly 

challenged by the relatively low ionic conductivity, electrochemical instability, and poor 

compatibility with electrodes [54, 56].  

Zhu and co-workers [79] firstly reported an all-solid-state Li-Te battery with PEO/LiTFSI as a 

solid electrolyte in 2018. After the initial 10 cycles, the solid-state Li-Te battery even showed 

superior stability than the liquid Li-Te battery with commercial Celgard 2400 membrane at 40 °C 

(Figure 2.1.9d). After 100 charge/discharge cycles, the solid-state Li-Te battery maintained 210.4 

mAh g-1, whereas the liquid Li-Te battery only retained 190 mAh g-1. When the working 

temperature increased to 60 °C, the battery showed the highest capacity of 327 mAh g-1 after 100 

cycles. This work pioneers the exploration of solid electrolytes in Li-Te and demonstrates the 

comparable electrochemical performance with liquid electrolyte-based Li-Te batteries at a low 

current density. 

In addition to polymer electrolytes, the inorganic and polymer/inorganic composite electrolytes 

have shown satisfying electrochemical performance in Li-S/Se batteries [98-100]. In view of the 

faster reaction kinetics in Li-Te electrochemistry, these electrolytes have great potential in the 

application of Li-Te batteries. Moreover, the engineering design of electrolyte/electrode interface 

is a significant direction in solid-state Li-Te batteries, although it is rarely reported. The advanced 

characterizations and theoretical simulations should be well integrated to gain an insightful 

understanding of solid-state chemistry. 



31 

 

2.1.4   K-Te Electrochemistry 

Due to the scarcity and uneven distribution of Li resources, rechargeable batteries with alternative 

charge carriers, low cost, and high energy density are attracting increasing attention for large-scale 

energy storage, such as monovalent sodium-ion batteries [101], potassium-ion batteries [61], 

bivalent magnesium-ion batteries [102], zinc-ion batteries [103], as well as multi-valent 

aluminum-ion batteries [68]. The exploration of Te in Na/K/Mg/Zn/Al batteries has attracted 

increasing research interest since Te electrodes have shown excellent electrochemical performance 

in Li-Te batteries. The advantageous electronic conductivity and high-volumetric capacity of Te 

make it a promising electrode material for these beyond-Li batteries. Table 2.1.2 compares the 

metal-ion radius, crustal abundance, possible intermediates and discharge products, the overall 

reaction pathways, and energy density of Li-Te, Na-Te, K-Te, Zn-Te, and Al-Te batteries. Each 

metal anode has a greater abundance than Li and is expected to be suitable for scalable battery 

applications. It should be noted that the thermodynamically stable metal-Te intermediates are 

different in rechargeable batteries and may affect their electrochemical behaviors and determine 

the batteryôs overall performance. The electrochemical conversion follows Te + 2M ź M2Te (M 

= Na, K) or Te + M ź MTe (M = Mg, Zn). The reaction mechanism in the Al-Te system is 

complicated, having three redox pairs of Te/Te2ī, Te/Te2+, and Te2+/Te4+, and involves the 

chemical dissolution of Te and electrochemical reactions. The larger ionic radius of Na-ions and 

K-ions compared to Li-ions presents a challenge for Na-ion or K-ion insertion/extraction, leading 

to the decreased energy density (644, 432, and 417 Wh kg-1, for Li-Te, Na-Te, and K-Te, 

respectively). The bivalent Mg-Te batteries deliver a lower energy density of 212 Wh kg-1 due to 

the relatively low working voltage. Aqueous Zn-Te batteries possess excellent stability in ambient 

environments, provide high intrinsic safety, and eliminate the usage of glovebox equipment and 

device costs. However, these aqueous Zn-Te batteries are limited by the low energy density of 167 

Wh kg-1. In comparison, multivalent Al-Te batteries are able to contribute a high energy density 

of 1328 Wh kg-1 and are very safe through the use of a nonflammable ionic liquid electrolyte. 

Although metal-Te batteries have promising energy densities, they suffer from similar issues to 

Li -Te batteries, such as large volume changes of the cathode, dendrite growth on the anode, and 

the shuttle effect. The following sections will discuss the progress in each metal-Te system and 

highlight the challenges that need to be addressed in the future. 
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Table 2.1.2 Comparison of Li-Te, Na-Te, K-Te, Mg-Te, Zn-Te, and Al-Te systems. 

 

 
Li -Te Na-Te K-Te Mg-Te Zn-Te Al -Te 

Metal-ion radius (Å) 0.68 0.97 1.33 0.65 0.74 0.5 

Redox potential of 

anode (V, vs. 

SHE)[113] 

-3.0 -2.7 -2.9 -2.4 -0.8 -1.7 

Abundance of anode 

material on earth 

(ppm)[113] 

20 23600 20900 23300 70 82300 

Overall reaction 

pathways 

Te + 2Li 

ź Li 2Te 

Te + 2Na ź 

Na2Te 

Te + 2K ź 

K2Te 

Te + Mg 

ź 

MgTe 

Te + Zn 

ź ZnTe 

Te + 2e- 1  

Te2- ; 

5Al2Cl7- + 

Te2- 1  2Al + 

7AlCl4- + 

TeCl3·AlCl 4       

Electrolyte Organic  Organic Organic Organic Aqueous Ionic liquid 

Cell voltage (V) 1.7 1.4 1.6 0.6 0.6 1.5 

Gravimetric capacity 

of Te cathode (mAh 

g-1)a 

420 420 420 420 420 1260 

Theoretical specific 

energy (Wh kg-1) b 644 432 417 212 167 1328 

a According to an overall electrochemical reaction.  

b Theoretical data based on the total mass of active materials on the cathode and the anode. 

 

The potassium storage performance of Te electrode also depends on the electrode structure and 

electrolyte chemistry. Guo and co-workers [104] constructed a novel K-Te battery using Te-G-

CNT as the cathode (Figure 2.1.10a) and revealed its potassium storage mechanism in carbonate 

electrolyte (1M KFSI in EC:DEC). After Te-G-CNT is discharged to 0.3 V, the diffraction rings 

in SAED pattern, XRD pattern, and Te 3d peak shift in XPS spectra (Figures 2.1.10b-e) confirm 

that face-centered cubic (fcc) K2Te is the ultimate discharge product. This is consistent with DFT 

calculations (Figure 2.1.10f), which suggest that K2Te has the lowest formation energy of -1.028 
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eV and is the most thermodynamically stable product. Herein, a two-electron redox reaction 

process is proposed (Te + 2K+ + 2e-   P K2Te) with the carbonate electrolyte, which agrees well 

with a single plateau in charge-discharge profiles (Figures 2.1.10g-j ). During potassiation process, 

the hexagonal Te is converted to cubic K2Te, which comes back to the hexagonal structure after 

K+ extraction. Compared to bulky Te, the Te-G-CNT electrode delivers an ultrahigh reversible 

volumetric capacity of 2493.13 mAh cmī3 at 0.5 C (based on the mass of Te), a high-rate capacity 

of 783.13 mAh cmī3 at 15 C, and superior long-term cycling stability for 1000 cycles at 5 C. 

The mechanistic studies in ether electrolyte-based K-Te batteries were recently reported by Sun 

and co-workers [105]. To buffer the volume change of Te, they synthesized Te nanowires with 25 

nm in diameter and mixed them with carbon nanotubes and reduced graphene oxide to obtain a 

free-standing TeNW/rGO/CNT cathode (Figure 2.1.11a). With the electrolyte of 1M KTFSI in 

DGEDME, the TeNW/rGO/CNT electrode presents two cathodic (1.75/1.00 V) and anodic peaks 

(2.05/2.42 V), corresponding to a stepwise phase transformation from Te to soluble K2Te3 and 

ultimately to insoluble K5Te3 (Figure 2.1.11b). Moreover, by increasing the electrolyte 

concentration to 5 M, the cathode delivers a higher initial capacity of 377 mAh g-1 and superior 

cycling stability with 168 mAh g-1 remaining after 100 cycles at 0.2C (Figures 2.1.10c-f). The 

improved electrochemical performance mainly benefits from that, the dissolution of polytellurides 

intermediates and shuttle effect are effectively suppressed due to the decrease of free solvent in 

the concentrated electrolyte. 
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Figure 2.1.10. K-Te batteries. (a) HRTEM image, (b) SAED pattern, (c) HADDF and EDS 

mapping of Te-G-CNT electrode after discharged to 0.3V, (d) ex-situ XRD and (e) Te 3d XPS 

spectra of as-prepared, discharged, and charged Te-G-CNT electrodes, (f) formation energy of 

KnTe, (g) CV, (h) cycling performance, (i) charge-discharge profiles, and (j) rate performance of 

Te-G-CNT electrode, (1M KFSI in EC:DEC). [104]  



35 

 

 

Figure 2.1.11. (a) Synthesis process of TeNWs/CNTs/rGO, (b) K-Te cell structure and reaction 

pathways, (c) CV plots of TeNWs/CNTs/rGO, (d) charge-discharge profiles, (e) cathode 

materials comparison in potassium-ion batteries, and (f) cycling performance of 

TeNWs/CNTs/rGO using 1M and 5M KTFSI in DEGDME. [105]  
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2.2   Research Summary 

2.2.1   Capacity-Voltage-Energy Comparison 

 

Figure 2.2.1 A comprehensive comparison of the energy density of various Te-based cathodes 

for rechargeable (a, b) Li-Te based batteries, and (c) Li/Na/K/Mg/Zn/Al-Te based batteries. The 

x-axis shows (a) and (c) specific capacity normalized to Te (or TexSy) only and (b) specific 

capacity normalized to Te/C (or TexSy/C). The yïaxis shows the average cell voltage. Plotted are 

the isoenergy lines ranging from 100 Wh kg-1 to 1.6 kWh kg-1. 

Figure 2.2.1a graphically summarizes the average voltage, specific capacity, and energy density 

of what have been reported Te-based cathodes with Li, Na, K, Mg, Zn, and Al metal anodes. 

Figure 2.2.1a shows the specific capacity normalized by solely Te active material, while Figure 

2.2.1b presents the specific capacity normalized by Te/C, including carbon supports or hosts for 

Te but excluding conductive additives used to fabricate cathode electrodes. Isoenergy lines are 

plotted, ranging from 100 Wh kg-1 to 1.6 kWh kg-1. It can be seen that the Te normalized capacity 

of Te/C is in a similar range as those of nanostructured Te (Figure 2.2.1a). However, the specific 

energy becomes scattered if calculated based on the Te/C cathode mass, leading to specific energy 

values around 500 Wh kg-1. This is due to the varying carbon supports used to prepare Te-based 

cathode materials and the low levels of Te in some work. Another observation from Figure 2.2.1 

is that TexSy compounds provide substantially higher specific capacity and specific energy than 

Te cathodes, regardless of the capacity normalized by only active material or cathode mass. The 

specific energy normalized to the cathode mass changes from 1 to 1.4 kWh kg-1, depending on the 

weight ratio of Te to S and TexSy to carbon (or polymer) hosts. 
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It should be noted that the isoenergy lines in Figure 2.2.1 only employ the theoretical specific 

capacity of Li metal (3860 mAh g-1) and do not consider the weight of Li metal used for coin-cell 

evaluations. Many of the published capacity and energy values only take the weight of the active 

Te or TexSy materials into account, neglecting the weight of carbon hosts, conductive additives, 

and binders, which might make up at least 40% of the total electrode weight. The amount of Li 

metal is a significant excess relative to the amount of Te or TexSy active materials. The excessive 

Li metal might provide an accurate analysis of the cathode's performance due to the ñinfiniteò Li 

reservoir but make it challenging to evaluate the holistic performance of Li-Te cells, as shown in 

many recent Li-ion pouch-cell studies [106, 107]. 

Figure 2.2.1c illustrates the average voltage and capacity of other metal-Te batteries in comparison 

to the Li-Te system. Overall, Te cathodes in Na/K/Mg/Zn-Te batteries show lower average 

potentials and specific energy than those in Li-Te batteries due to the higher standard electrode 

potentials of Na/K/Mg/Zn metals than Li metal. Therefore, the main benefit for these Na/K-Te-

based batteries would arguably be the costs associated with Na and K precursors, which, however, 

are yet to be assessed and validated. Notably, despite a lower average voltage, the Al-Te system 

presents higher specific energy than the Li-Te system, owing to the multivalence of the Al metal 

anode.  

2.2.2   Challenges 

To summarize, we have provided a comprehensive overview of the research advances in Te-based 

cathode materials and architecture design, a fundamental understanding of Te reaction pathways 

with various metal anodes (Li/Na/K/Mg/Zn/Al), and metal anode/electrolyte studies associated 

with Te-based cathode. We also provided an electrochemical performance comparison that 

includes, to the best of our knowledge, all existing publications on Te-based electrochemistry. Te-

based cathodes share common issues of conversion chalcogen cathodes, such as large volume 

change, shuttle effect, etc., but possess significant advantages, such as high electronic conductivity 

and comparable volumetric energy density. The high electrical conductivity of Te has proven to 

accelerate electron transfer, enhance rate performance and enable higher utilization of active 

materials of Te-based battery systems. However, there are still challenges in present Te-based 

batteries. Due to the short-term study in this field, more mechanistic investigations in metal-Te 
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electrochemistry should be carried out, and its practical application in large-scale energy storage 

requires comprehensive evaluation at an industry-relevant scale. 

Table 2.2.1 Typical characteristics of S, Se, and Te. 

 S Se Te 

Volume expansion (XŸLi 2X, X=S, Se, Te) [51] 80% 97% 104% 

Density (g cm-3) [51] 2.07  4.81 6.24 

Electrical conductivity (S m-1) [53] 5 × 10-

16  

1 × 10-4 2 × 102 

Crustal abundance (mg kg-1) [108] 350 0.05 0.001 

Melting point (°C) [108] 114 217-222 450 

Price ($ kg-1) (2020)  0.04 40 55 

 

Table 2.2.1 compares some critical parameters of S, Se, and Te and lists several underlying 

challenges of Te-based electrode materials.  

(i) The volume expansion of Te during lithiation is larger than S and Se, raising concern about 

electrode material stability during long-term cycling. Recent advances have mitigated volume 

changes by impregnating Te into robust hosts to confine expansion and still deserve enormous 

investigation to develop advanced Te-based materials in the near future.  

(ii) The low crustal abundance of Te is another challenge for the commercialization of Te-based 

batteries. This might limit Te-based batteries in high-end applications, such as medical implants, 

wearable devices, etc. Nevertheless, the recent U.S. Geological Survey indicates that the current 

tellurium reserve is sufficient and can satisfy the demand for Te for several decades [109].  

(iii) Compared to low-cost S resources, Se and Te are more expensive, causing a major hindrance 

to the scalable application of Te-based batteries. However, the increasing demand for Te-based 

batteries could increase production and recycling technologies around Te and eventually reduce 

the material cost. On the other hand, the price of a metal-Te battery system could be compensated 

by lowering the cost of electrolytes, negative materials, or other components in the battery system.  
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(iv) Additionally, the low gravimetric capacity of Te is questioned as a high-capacity cathode, 

which could be addressed by developing TeSx composite cathodes as discussed. The addition of 

low-cost S will significantly reduce the material costs of the battery system.  

2.3   Research Objectives 

The overall objective of this project is to develop an all-solid-state Li-Te battery with high energy 

density and good safety. The critical components of the battery system would be tailored, such as 

the structural design of Te electrode and solid electrolyte, as well as Te/solid electrolyte interfacial 

engineering to improve the electrochemical stability by addressing the major challenges of large 

volume expansion, polytellurides dissolution, Li dendrites. In specific, this project includes the 

following sub-objectives: 

2.3.1   Develop Stable Porous Carbon as Te Host in Liquid Electrolyte 

Based Li-Te Batteries 

The top priority in this project is to find suitable hosting materials (e.g., porous carbon) for Te 

molecules to mitigate the large volume expansion with Te reduced to Li2Te. The carbon structure, 

such as pore size distribution, specific area, and pore volume, plays an essential role in the 

interaction between carbon and Te and the electrochemical performance of Li-Te batteries. In this 

part, the effect of carbon structure on battery performance (capacity, stability, Coulombic 

efficiency) will be investigated in terms of morphology, structure, and electrochemical 

performance of Te/C electrodes. The selected commercial or synthesized carbon from biomass 

materials with optimal carbon structure will be used to accommodate Te for Li-Te batteries and 

the Te/C cathodes will be evaluated through comprehensive characterizations.  

2.3.2   Develop High-Capacity and Durable TexSy Composite Cathodes 

One of the sub-objectives of this project is to develop a durable and high-capacity TexSy composite 

cathode to integrate the advantages of S (large theoretical capacity) and Te (excellent electron 

conductivity). The optimal Te/S ratio will be figured out from a wide range of TexSy composites 

and investigated to enable both electrochemically and thermodynamically stable composite 

cathodes. 
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2.3.3   Design Highly Conductive and Stable Solid Electrolytes 

The solid-state Li-Te batteries are expected to achieve superior security and energy density, while 

they face quite a few challenges, especially the slower ion diffusion compared to liquid electrolyte 

based batteries. In the second stage, the design of solid electrolytes will be the focus, and the goal 

is to reach the critical requirements such as high ionic conductivity, mechanical strength, and 

electrochemical stability.  

2.3.4   Mechanistic Studies on the Interplay Between Te (or TexSy) Cathodes 

and Liquid/Solid electrolytes 

This section aims to analyze the interplay between Te cathode and electrolyte in both Li-Te and 

K-Te batteries, e.g., the solid electrolyte interphase layer on the electrode surface. Mechanistic 

studies are necessary to understand the effect of electrolyte salt chemistry on the electrochemical 

performance (including reaction kinetics and cyclability) of Te or TexSy cathodes, which will be 

revealed by ex-situ morphology, structure, and electrochemical characterizations.  

2.3.5   Modify Te Electrode/Electrolyte Interface by the Advanced Surface 

Coating Technique 

Interface engineering is one of the urgent tasks in the development of solid-state batteries. 

Excellent compatibility and low interfacial resistance are desirable between electrolyte and 

electrode. To reach the goal, an advanced atomic layer deposition technique will be applied to 

make an atomic-level artificial layer between the electrolyte and electrode, which is expected to 

stabilize the interface and maintain good structural stability. 

2.4   Chapter Summary 

This chapter introduces the development of metal-Te batteries in the aspects of cathode structure, 

electrolyte chemistry, and the fundamental of K-Te electrochemistry. The main advantages and 

challenges in this field are pointed out. Accordingly, the overall and sub-objectives in this 

dissertation are proposed. The methodology used to fulfill these goals is described in the 

subsequent chapter. Chapters 4-9 aim to address the following issues in literature: 
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(1) there is a lack of fundamental understanding of carbon pore structure for Te/C electrodes in Li-

Te batteries; 

(2) the electrochemistry of the TexSy composites with different Te/S ratios is unknown; 

(3) the ion conduction mechanism and interface compatibility of solid-state or quasi-solid-state 

metal-Te batteries are unraveled; 

(4) electrolyte chemistry and kinetics study of the new K-Te system has not been studied 

sufficiently; 

(5) the Te/electrolyte interfacial instability induced by the volume change of Te has not been 

solved.  
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Chapter 3   Research Methodology 

Systematic experimental and characterization techniques are indispensable to fulfill the above 

objectives. The methodology used in this dissertation (Figure 3.1.1) is introduced following the 

order of structure design and materials synthesis, cell assembly, morphology/structure 

characterizations, and electrochemical performance evaluation. 

 

Figure 3.1.1. Methodology diagram used in this dissertation. 

3.1   Materials Synthesis 

3.1.1   Synthesis of Porous Carbon 

Technical-grade lignin (molecule weight: 14060 g mol-1) was provided by Advanced BioCarbon 

3D (BC, Canada) and used after complete drying at 80 °C for 12 h to remove residual water. The 

lignin-derived porous carbon was synthesized through carbonization and activation procedures. 

The carbon structure depends on the heating temperature, heating time, and ratio of potassium 

hydroxide (KOH)/carbon. Firstly, the dried lignin was heated at 600 °C for 2 h at a heating rate of 

10 °C min -1 under a nitrogen atmosphere to obtain a carbonized powder. Subsequently, the 

carbonized powder was thoroughly mixed with KOH with the mass ratio of 1:2 and then heated at 

specific temperatures (600, 700, and 800 °C) for another 2 h at a heating rate 10 °C min-1 under 

N2. Afterward, the obtained carbon was washed with hydrochloric acid (HCl) and filtrated several 

times until the solution pH reached 7. Finally, the activated porous carbon was successfully 
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prepared, and was denoted as AC600, AC700, and AC800, with activation temperatures of 600, 

700, and 800 °C, respectively. These activated carbons were used as Te hosts in Chapter 4. 

3.1.2   Synthesis of Well-Defined Te/C Structure 

Porous carbon should be prepared prior to the synthesis of Te/C composite. Commercial porous 

carbons used as Te host include ASAC25, ASAC30, BP2000, and KB. The Te/C composite is 

synthesized by a melt-diffusion method. The well-grounded Te/C mixture with a Te/C mass ratio 

of 2:1 is heated at 550 °C in a tube furnace under nitrogen atmosphere. The heating temperature is 

above the melting point of Te: 450 °C to ensure the infusion of liquid Te molecules into the porous 

skeleton.  

Similarly, the S/C and Se/C composites were prepared by heating the mixture of S or Se and C at 

the mass ratio of 1:1 or 6:4 in an autoclave at 160 and 260 °C for 24 h. 

3.1.3   Synthesis of TexSy Compounds and TexSy/KB Composites 

TexSy compounds used in Chapter 6 were synthesized by ball-milling the mixture of Te and S 

powders and subsequently sealing the mixture in a quartz tube under vacuum. After being heated 

at 450 °C for 10 h, the mixture was naturally cooled down to room temperature. The obtained Te-

S solid solution was denoted as TexSy compounds. A wide Te/S mole ratio range from 1:7 to 7:1 

was designed and prepared, corresponding to compounds from Te1S7 to Te7S1.  

The TexSy/KB composite was prepared by a melt diffusion method. The TexSy and KB powders 

were mixed at the mass ratio of 6:4 and then ball-milled for 2 h. Afterward, the mixture was sealed 

in a quartz tube under vacuum and heated at 480 °C for 10 h in a tube furnace. The obtained 

products were denoted as TexSy/KB. The Te/KB and S/KB composites were also prepared using 

the same procedures, and the heating temperatures for Te/KB and S/KB were 480 and 160 °C, 

respectively. The TexSy content in TexSy/KB is about 60 wt%. 

3.1.4   Preparation of Gel Polymer Electrolytes 

The gel polymer electrolytes (GPE) synthesis in Chapter 5 was by a solution casting method. 

Firstly, a certain amount of PVDF-HFP was dissolved into N-methyl-2-pyrrolidone (NMP) at a 

mass ratio of 1:4. The mixture was heated at 50 oC with continuous stirring for 12 h until a 
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transparent and homogeneous solution was obtained. Subsequently, LiTFSI salt was added (mass 

ratio of PVDF-HFP: LiTFSI = 5:4), and the solution was stirred for another 12 h. Then the solution 

was poured onto glass containers, which were transferred to an oven and heated at 60 oC under 

vacuum for different times to control NMP uptake in the GPE membrane. Finally, the GPE 

membranes were peeled off and cut into 16 mm for further characterization and cell assembly. 

3.1.5   Preparation of PAN-Based Composite Gel Polymer Electrolytes 

3.1.5.1   Preparation of PAN Nanofibers 

To prepare PAN nanofibers, PAN was dried at 95 oC in a vacuum oven for 48 h prior to dissolving 

in DMF. Then 10 wt % PAN in the DMF solution was electrospun in a horizontal electrospinning 

setup with 18-gauge (0.84 mm diameter) stainless steel needle. The electrospinning distance, 

voltage range, and pump speed were 15 cm, 19 kV, and 0.01 mL min-1, respectively. The thickness 

of PAN was controlled to be 25 µm by electrospinning technique. 

3.1.5.2   Preparation of PVDF-HFP-KFSI and PVDF-HFP-KFSI@PAN  

The PVDF-HFP powders (2 g) were dissolved into NMP (10 g) at 50 oC under continuous stirring 

for 12 h until a transparent and homogeneous solution was obtained. Subsequently, KFSI salt (1.6 

g) was added to the solution, which was stirred for another 12 h. The solution was cast onto a glass 

container and then dried at 80 oC under vacuum overnight to obtain a PVDF-HFP-KFSI membrane. 

To prepare PVDF-HFP-KFSI@PAN, one piece of electrospun PAN nanofibers was immersed in 

the PVDF-HFP-KFSI/NMP polymer solution for 12 h under vacuum. Afterward, the 

PAN/polymer solution was transferred to glass plates and heated at 80 oC under vacuum overnight. 

Finally, PVDF-HFP-KFSI@PAN CGPE was peeled off and cut into 16 mm for coin-cell assembly. 

Table 3.1.1 lists the name, components, and specification of gel polymer electrolytes and glass 

fiber used in Chapter 9. For each preparation of polymer electrolyte, 4 g solution was poured onto 

6 cm × 6 cm PAN fibers in a glass container and dried overnight. Subsequently, the 6 cm × 6 cm 

area is peeled off and denoted as PVDF-HFP-KFSI@PAN. The residual NMP mass fraction was 

calculated to be 23 wt% by measuring the weight before/after heating treatment. PVDF-HFP and 

KFSI were assumed to be left entirely in the composite, and their weights can be obtained by 

multiplying 4 g and their respective concentration.  
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Table 3.1.1. Abbreviation and specification of gel polymer electrolytes and glass fiber separator. 

Name Specification 

PVDF-HFP-KFSI PVDF-HFP (2 g), KFSI salt (1.6 g) 

PVDF-HFP-KFSI@PAN PVDF-HFP (2 g), KFSI salt (1.6 g), PAN nanofibers (6 cm × 6 cm) 

GF Glass fibers (Whatman Grade GF/D, pore size: 2.7 µm) 

3.1.6   Te/C or TexSy/KB Cathode Preparation 

Te/C composite was mixed thoroughly with super P and sodium alginate (2 wt% in aqueous 

solution) with a mass ratio of 7:2:1 to form a uniform slurry. Afterward, the slurry was cast onto 

an aluminum foil and dried at 80 oC in a vacuum oven overnight. Finally, the dried slurry was cut 

into 12 mm-diameter pellets and used as Te/BP2000 cathodes for coin-cell assembly. The S/C, 

Se/C, and TexSy/KB cathodes were prepared following the same procedures as Te/C cathodes. 

3.1.7   Atomic Layer Deposition of Al2O3 on Te/C Electrodes 

The Al2O3 layer was coated on the Te/BP2000 cathodes via a commercial ALD reactor 

(GEMStarÊ XT Atomic Layer Deposition Systems; Arradiance). The coating process was carried 

out at 100 °C by following a TMA pulse/TMA purge/H2O pulse/H2O purge sequence in each cycle. 

After 10 cycles, Al2O3 films are deposited on Te/BP2000 cathodes noted as Te/BP2000@Al2O310. 

3.2   Cell Assembly 

All coin cell assembly mentioned in this dissertation was carried out in an argon-filled glovebox 

workstation with water and oxygen content less than 0.1 ppm. Cell configurations, including 

symmetrical cells and Te-based cells tested in this dissertation, are listed in Table 3.2.1. 
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Table 3.2.1. Cell configuration of cells tested in this dissertation. 

Cell type Anode Cathode Separator Electrolytes Working 

voltage 

(V)  

Current 

density 

Li/Li  Li  Li  GPE GPE NA 0.05-0.2 

mA cm-2 

K/K K K GF, GPE 

or CGPE 

1M KFSI in 

EC:DEC, GPE or 

CGPE 

NA 0.1-1 mA 

cm-2 

Liquid Li-Te Li  Te/C Celgard 

2500 

1M LiPF6 in 

EC:DEC 

1-3 0.1-5C 

Quasi-solid-state 

Li -Te 

Li  Te/C GPE GPE 1-3 0.1-2C 

Liquid Li-TexSy Li  TexSy/KB Celgard 

2500 

3M LiTFSI in 

DEC:FEC 

1-3 0.1-10 A 

g-1 

Liquid K-Te K Te/C GF/D 1M KFSI or 0.8M 

KPF6 in EC:DEC 

0.5-3 0.1-1C 

Quasi-Solid-State 

K-Te 

K Te/C CGPE CGPE 0.5-3 0.1C 

1C equals to 420 mA g-1. 

3.3   Materials Characterizations 

Appropriate analytical techniques are indispensable to gain insights into electrodes, electrolytes, 

and interfaces inside a battery. This section will introduce morphology, structure characterizations, 

and battery evaluation methods used in this dissertation. 

3.3.1   Morphology Investigation 

When electrons hit a sample, there are several possible interactions. Suppose part of the energy is 

transferred from the incident electrons to the sample (inelastic interaction). In that case, it will 

cause several signals, such as auger electrons, secondary electrons, backscattered electrons, and 

characteristic X-rays. These detected signals could be utilized to obtain information about the 

morphology, composition, and structure of materials.  
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3.3.1.1   Scanning Electron Microscopy and Energy Dispersive 

Spectroscopy 

Scanning electron microscopy (SEM) produces images through the interaction of an electron beam 

and constituent atoms on the surface of the sample. As an SEM test starts, secondary electrons or 

backscattered electrons emitted from the sample are detected to create images of the surface. 

Energy dispersive spectroscopy (EDS) is usually combined with the SEM technique to identify 

the elemental composition in the scanned area. Magnification and acceleration voltage are critical 

parameters in SEM tests. Deposition of platinum or gold coating layer is usually needed for 

polymer materials in advance. 

3.3.1.2   Transmission Electron Microscopy 

Transmission electron microscopy (TEM) images are formed by the transmitted electrons through 

the targeted sample. When the incident electron beam interacts with the sample, scattered electrons 

are blocked by the objective aperture. Only direct electrons are able to pass through the hole in the 

center of the objective aperture and contribute to the final image. High-resolution transmission 

electron microscopy (HRTEM) is a nanoanalytical technique to study the nanoscale properties of 

materials. In HRTEM, a parallel incident electron beam (wave) hits the sample, and interference 

occurs. In particular, lattices or fringes could be observed for crystalline materials in HRTEM 

mode.  

3.3.1.3   Micro X-ray Computed Tomography 

Micro X-ray computed tomography (MicroXCT, Xradia Inc.) was used to obtain the three-

dimensional (3D) structure of the PVDF-HFP-KFSI@PAN membrane that will discuss in Chapter 

9. The sample was cut into 0.5 × 0.5 cm and held on the sample stage of MicroXCT (Figure 3-1). 

During imaging, the sample was rotated while being irradiated by an X-ray beam. Radiographs of 

the X-ray beam passing through the sample were kept being recorded to create 2D projection 

images, which were then filtered and processed into 3D images using AvizoÊFire software with 

a voxel size of 1.25 µm3. 
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Figure 3.3.1. Digital photo of sample preparation holder for X-ray tomography. 

3.3.2   Structure Analysis 

3.3.2.1   X-ray Diffraction  

X-ray diffraction (XRD) is an essential structural characterization technique for crystalline 

materials. As the incident X-ray beam hits the sample, elastic scattering of the incident X-ray with 

the sample occurs in the periodic lattice. Suppose the scattered X-rays are in phase, and incident 

angle ɗ, interplanar distance d, and wavelength ɚ satisfy Braggôs law (nɚ = 2dsinɗ). In that case, 

constructive interference will happen, and the diffracted X-rays will be detected and recorded.  

XRD pattern is an essential technique for identifying an unknown material or analyzing the crystal 

structure of given materials.  

3.3.2.2   X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a widely used surface analysis technique with a depth 

of less than 10 nm. By exciting the sample surface with mono-energetic Al kŬ X-rays, 

photoelectrons would be emitted from the surface and the energy of the emitted photoelectrons 

would be measured by an electron energy analyzer. The elemental identity, chemical state, and 

quantity can be determined based on the binding energy and intensity of a photoelectron peak. 

XPS is a helpful tool for compositional analysis of SEI layer on the electrode surface, which would 

gain a better understanding of surface chemistry on Te/C electrodes in this dissertation.  

Especially, XRD and XPS are preferred to integrate to identify possible reaction products if the 

reaction mechanism is unclear. Here are the operational procedures to reveal potential reaction 
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pathways in a K-Te cell. The K-Te batteries at different charge/discharge states (0.5V, 1.3V, 1.9V, 

3V) were disassembled in the argon-filled glove box and rinsed with the DEC solvent to remove 

the electrolyte and salt residuals. After being dried in the glove box overnight, the electrodes were 

placed in a sealed bag for further SEM, XRD, and XPS characterizations. 

3.3.2.3   Pore Structure Characterization 

Carbon pore structure is of vital importance to trap Te molecules and accommodate their volume 

changes. Numerous pores could offer sufficient loading sites for Te, which is also favorable for 

fast electron transfer and electrolyte infiltration. The pore size should also be paid attention to as 

large pores are unable to confine Te molecules effectively and might cause capacity fading in long-

term tests. Nitrogen adsorption/desorption isotherm is used for collecting pore structure 

information of carbons (pore volume and pore size distribution). Specific areas can be determined 

by Brunauer-Emmett-Teller (BET) calculation method. 

3.3.2.4   Tensile Strength 

Good tensile strength is necessary for polymer electrolytes to resist continuous Li or K dendrites 

piercing and ensure a long lifetime of solid-state batteries. In Chapter 9, tensile testing was carried 

out for PVDF-HFP-KFSI and PVDF-HFP-KFSI@PAN with an elongation rate of 0.02 cm s-1 at 

room temperature. The data was collected to plot stress-strain curves. 

3.3.3   Electrochemical Characterization  

Electrochemical performance can also provide critical information about reaction mechanisms, 

which are essential for researchers to study the internal electrochemical process deeply. The most 

commonly used methods include cyclic voltammetry, electrochemical impedance spectroscopy, 

charge/discharge profiles, cycling stability, and rate capability. 

3.3.3.1   Cyclic Voltammetry 

Cyclic voltammetry (CV) is an electrochemical technique in which the potential of the working 

electrode increases linearly versus time to the end potential. Then the potential continues changing 

in the opposite direction until it returns to the initial potential. The difference between anodic and 

cathodic peaks represents the reversibility of the electrode. If the electron transfer on the surface 
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of the electrode is fast enough, then the current will be mainly limited by the diffusion of the active 

species. In this case, the peak current is proportional to the square root of the scan rate following 

the Randles-Sevcik equation [110]:  

 Ip = 2.69 × 105 n3/2AD1/2v1/2C = B × v1/2                                                                                                                       Eq. 3.1  

where Ip is the peak current, n is the number of electron transfer, A is the effective reaction area, 

D is the ion diffusion coefficient, v is the scan rate, C is the K-ion concentration, and B is the slope 

of the fitted Ip-v
1/2 curves. The Li-ion or K-ion diffusion coefficients of Te/C electrodes could be 

calculated from the fitted Ip-v
1/2 curves. Higher Li+ diffusivity reflects faster Li+ migration and 

better reaction activity of the electrode materials. 

3.3.3.2   Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a valuable tool for measuring the impedance of 

the electrochemical system when a small alternating current potential wave is applied. The 

impedance, defined as the ratio of potential to current, is continuously dynamic with the frequency 

of the wave. The EIS result recorded in the Nyquist plot helps analyze the electrochemical process 

in Li-Te batteries. Generally, the electrochemical process on the electrode is comprised of three 

parts: the resistance of the electrolyte and electrode (RÝ), double-layer capacitance (Cd), and 

Faraday impedance (Zf). As the charged ions (non-active ions) from the electrolyte are adsorbed 

on the surface of the electrode, the charge distribution on the surface changes and the surface 

possesses the opposite charges. These two layers are separated by space caused by charge 

interaction. The impedance is defined as double-layer capacitance Cd. Charge and mass transfer 

are not involved in this process. Faraday impedance resulted from the transfer of active species 

and charge can be divided into charge transfer impedance (Rct) and mass transfer impedance (Zw). 

Each resistance could be simulated by a corresponding equivalent circuit model. By measuring the 

EIS spectra before and after the cycling/rate test, the interfacial resistance between electrode and 

electrolyte could be determined, which is a critical parameter for both liquid-based and solid-state 

batteries. 
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EIS is also utilized to obtain the ionic conductivity of polymer electrolytes. Here are the procedures. 

The ionic conductivity (ů) of GPE is tested in an assembled symmetrical cell in which the GPE 

was sandwiched between two stainless steel (SS) pallets. The conductivity is calculated by Eq. 3.2: 

                                                                „                                                                        Eq. 3.2  

where L and A are the thickness and effective area of the GPE, and R is tested by electrochemical 

impedance spectroscopy (EIS) with the frequency range of 0.1-1M Hz under 5 mV AC amplitude. 

The ionic conductivities of the GPE at various temperatures (from RT to 70 oC) were tested to 

calculate the activation energy (Ea), which is expressed in Eq. 3.3: 

                                                                „ ὃὩ                                                                 Eq. 3.3  

where A and R represent the pre-exponential factor and gas constant (J mol-1 K-1), respectively. 

3.3.3.3   Battery Performance Evaluation 

Take the example of Li-Te cells. The Li-Te battery performance is tested at the voltages of 1-3V 

using NEWARE battery workstation. Each cycle consists of discharge and charge processes with 

a constant current mode. During discharge process, the hexagonal Te is converted to cubic Li2Te 

when the cell is discharged to 1V (versus Li+/Li). The charge process corresponds to its reverse 

reaction from Li2Te to Te. The current density is determined by the mass of Te on the Te/C 

electrode (1C = 420 mA g-1). The major electrochemical performance involves specific capacity, 

Coulombic efficiency (CE), cycling, and rate performance. CE is defined as the ratio of charge 

capacity to discharge capacity in the same cycle, and it represents the fraction of the available 

capacity for the following discharge process.  

A cycling test is necessary to evaluate the electrochemical stability of electrode materials over 

long-term cycles. Each cycle takes different hours depending on the applied current density. For 

example, Te/C cathodes tested at 0.1C take 20 hours to complete one full cycle. As for symmetrical 

Li/Li or K/K cells, a full cycle is composed of 1-hour discharge and 1-hour charge steps. In this 

dissertation, the cycle numbers of as-prepared Te or TeS cathodes were recorded at different 

current densities to assess their durability. High CE in the cycling test also suggests the outstanding 
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stability of the cathode. The rate capability reflects the reaction kinetics of the specific electrode 

materials at various current densities. 

3.3.4   DFT Simulation 

First-principles simulations were performed using the plane-wave implementation of the 

approximate Kohn-Sham density-functional theory (KD-DFT) using semi-local electronic 

exchange-correlation within the Quantum ESPRESSO (QE) software [111-117]. The preliminary 

simulations were performed using the virtual-crystal approximation (VCA), which was used to 

linearly mix to the pseudo-potential of Te and S to obtain the virtual atoms, denoted by TexSy with 

the atomic fractions of x = 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and x + y = 1. The virtual 

atoms were used expediently, representing the random solid solution of Te and S. In the interest 

of relevance and robustness, the configurationally resolved simulations on the S8 and Te1S7 were 

performed to accurately analyze Li redox kinetics. 

3.4   Chapter Summary 

This chapter clarifies the main morphology, structure, and electrochemical characterization 

techniques used in this dissertation. These techniques are usually integrated to reveal the structural 

properties of materials and elucidate their working mechanisms. With the help of these methods, 

insightful mechanistic studies are undertaken and discussed in the following chapters. 

It is noteworthy that all experimental parameters should be precisely controlled to establish a 

standard protocol for materials preparation and battery evaluation. For example, during the 

synthesis of gel polymer electrolytes, the mixing ratio of each component, stirring time, and 

heating temperature should be the same for each preparation process. Besides, at least three 

samples should be tested under the same conditions to ensure good data reproducibility and 

reliability. 
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Chapter 4   Te/C Cathode Structure for Li-Te Batteries 

4.1   Introduction  

As summarized in Chapter 2, Te with superior electronic conductivity (2×102 S m-1) is promising 

electrode material for next-generation lithium batteries compared to less conductive S (5×10-16 S 

m-1) or Se (1×10-4 S m-1). This remarkable conductivity promises Te cathode fast kinetics and high 

utilization of active species during the lithiation/delithiation process [52]. Moreover, the high 

volumetric capacity (2621 mAh cm-3) of Te, as a result of its high density (6.24 g cm-3), is 

preferable for devices with limited space, such as wearable sensors, medical implants, etc., and 

makes Te stand out as promising electrode material [118].  

However, pure Te electrodes without support materials only delivered a specific capacity of 280 

mAh g-1 during the first discharge process and suffered from rapid capacity decay, which resulted 

from Te pulverization caused by the massive volume change (204%) between Te and Li2Te 

transition during the repeated charge-discharge process [50, 69]. One effective approach to address 

this issue is to confine Te into porous carbon via a melting diffusion method. Recently, various 

carbon materials have been synthesized and applied to provide Te loading sites. Liu et al. [46] 

encapsulated Te into porous carbon, and the Te/C electrode retained 224 mAh g-1 at 50 mA g-1 

after 1,000 cycles. He et al. [47] prepared a free-standing cathode comprised of Te nanowires and 

reduced graphene oxide for Li-Te batteries, which maintained 270 mAh g-1 after 500 cycles at 1 

C. Nanoporous carbon polyhedra doped with cobalt and nitrogen was developed as a highly 

conductive and porous matrix for Te, contributing to a prominent rate capacity of 2160, 1327.6, 

and 894.8 mAh cm-3 at 4, 10, and 20 C, respectively [53].  

Currently, carbon materials with various pore sizes (micropores, mesopores, and macropores) have 

been reported to act as Te hosts in Li-Te batteries, and the prepared Te/C cathode exhibited a range 

of electrochemical performance [46, 69, 73, 119]. It is clear that the performance of Te/C cathode 

highly depends on the carbon structure, especially pore size. However, the effect of the carbon 

pore structure on the performance of cathode materials in Li-Te batteries has rarely been studied. 

Clarification on the correlation between carbon pore structure and Te cathode properties is an 

urgent task in order to develop high-capacity Li-Te batteries.   
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Inspired by previous studies, this work investigates the effect of porous carbon on the performance 

of Te/C electrodes in Li-Te batteries and develops durable Te/C cathodes for liquid electrolyte 

based Li-Te batteries. Two types of commercialized carbon materials (ASAC25 and ASAC30) 

and lignin-derived activated carbon with different pore structures were applied to encapsulate Te 

via the melt-diffusion method. This chapter can be broadly divided into the following sections. 

(1) Effect of carbon pore structure on the performance of Te/C cathodes 

The morphology and structure of the two Te/C electrodes (ASAC25-Te and ASAC30-Te) are 

investigated by SEM, TEM, EDS, BET, XRD, and XPS techniques. SEM and TEM results suggest 

uniform Te distribution in the ASAC25 matrix, while bulky Te could be observed in ASAC30-Te. 

XPS results show that stronger interaction exists between Te and ASAC25, which is due to the 

complete infiltration of Te in micropores and the larger contact area between Te and ASAC25.  

Cycling test results reveal that microporous ASAC25 is able to effectively confine Te into a porous 

skeleton and maintain superior structural stability, resulting in an ultrahigh discharge capacity of 

429.6 mAh g-1 after 100 cycles at 0.1 C. In comparison, ASAC30 with both micropores and 

mesopores only remains 107.2 mAh g-1 when used as the Te host. The remarkable cycling stability 

of ASAC25-Te could be attributed to the effective encapsulation of Te into micropores and strong 

Te-C interaction, thus buffering large volume expansion and subtraction over long-lasting cycling. 

It is also found that the cycled ASAC30-Te cathode has increased charge transfer and evident 

cracks on the electrode surface, which implies the pulverization and loss of active materials along 

with repeated lithiation and de-lithiation behaviors. The inferior electrochemical performance of 

ASAC30-Te is mainly due to the gradual dissolution of bulky Te into electrolytes over cycles, 

causing the rapid capacity decline in Li-Te batteries.  

(2) Effect of Te content on the performance of Te/C cathodes 

Moreover, the effect of Te content on the electrochemical performance of Te/C electrodes is also 

studied. Our results suggest that partial infiltration of Te into the carbon host is required to suppress 

massive volume expansion and achieve excellent electrochemical stability during the discharge 

process.   

(3) Durable Te/C cathodes with biomass-derived porous carbons as Te host 
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Additionally, the abundant lignin is used as a precursor to synthesize porous carbons with 

customized pore structures. These activated carbons are utilized as Te hosts to investigate the 

electron transfer and Li-ion conduction mechanism in different Te/C structures. The optimized 

Te/C electrode delivers a reversible capacity of 418 mAh g-1, high capacity retention of 90% after 

100 cycles, and exceptional cyclability over 1000 cycles at 2 C. 

4.2   Effect of Carbon Pore Structure on the Performance of Te/C Cathodes 

4.2.1   Structural Analysis of Te/C Composites with Micro/Mesoporous 

Carbons 

In order to clarify the effect of carbon pore structure on the performance of Te/C cathodes, two 

types of porous carbon (ASAC25 and ASAC30) are used for preparing Te/C cathodes via the melt-

diffusion method. Figures 4.2.1a-b present the nitrogen adsorption-desorption isotherms and pore 

size distribution of ASAC25 and ASAC30. ASAC25 exhibits a typical type-I adsorption-

desorption isotherm, which is indicative of mainly microporous feature of the carbon material 

[120]. In contrast, ASAC30 possesses mixed adsorption-desorption isotherms of both type I and 

type VI, suggesting the co-existence of both micropores and mesopores in the carbon structure 

[121]. This can be further confirmed by the pore-size distribution curves in Figure 4.2.1b. Figure 

4.2.1b shows that the majority of pores for ASAC25 are below 2 nm (as highlighted by the blue 

shadow), while ASAC30 has a much larger proportion of mesopores (pore size: 2 - 6 nm, as 

highlighted by the pink shadow) than ASAC 25. The specific surface area is determined to be 

2345.3 and 2403.1 m2 g-1 by Brunauer-Emmett-Teller (BET) analysis, and the pore volume is 1.15 

and 1.50 cm3 g-1, for ASAC25 and ASAC30, respectively (Table 4.2.1). Figures 1a and 1b clearly 

indicate that ASAC25 mainly consists of micropores, while ASAC30 is comprised of both 

micropores and mesopores.  

Figure 4.2.1c illustrates the XRD patterns of as-received ASAC25 and ASAC30, ASAC25-Te, 

and ASAC30-Te. ASAC25 and ASAC30 show a broad diffraction peak at 21.0°, corresponding to 

the (101) plane of graphite (JCPDS PDF No. 75-2078). In contrast, the ASAC25-Te composite 

merely has one broad characteristic peak at 27.6°, corresponding to (011) plane of crystalline Te 

(JCPDS PDF No. 79-0736). The disappearance of sharp Te diffraction peaks and the broadened 
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(011) peak in ASAC25-Te suggest the good dispersion of Te into the micropores of ASAC25 [70]. 

In sharp contrast, the ASAC30-Te composite shows all strong diffraction peaks of hexagonal Te 

powders, indicating that Te partially diffuses into ASAC30, and there is still some large Te left 

outside of the pores. This might be due to the difference of micropores and mesopores in the 

capillary force for Te infiltration into the carbon hosts with different pore sizes. 

XPS characterization was carried out to confirm further the existence of Te in the ASAC25 and 

ASAC30 carbon hosts. The full spectra for ASAC25-Te and ASAC30-Te in Figure 4.2.2 reveal 

that the Te element exists in both Te/C composites. Figure 4.2.1d compares Te 3d XPS spectra of 

ASAC25-Te and ASAC30-Te. For ASAC25-Te, the two peaks at 573.9 eV (Te 3d5/2) and 584.3 

eV (Te 3d3/2) are assigned to Te-Te bond originating from the metallic Te in the composite, while 

another two peaks at 576.1 eV (Te 3d5/2) and 586.5 eV (Te 3d5/2) correspond to the Te-O bond, 

which is due to a small amount of TeO2 formed on the surface of the ASAC25-Te composite [16]. 

For ASAC30-Te, the Te 3d spectra can be well resolved into Te-Te and Te-O bonds as well. One 

notable difference between ASAC25-Te and ASAC30-Te is the higher binding energy for Te-Te 

bond in the former than in the latter. The peaks of Te-Te bonds for the ASAC30-Te shift to 573.3 

eV (Te 3d5/2) and 583.6 eV (Te 3d3/2). The slightly increased binding energy indicates a charge-

deficient state of Te during its interaction with a carbon host that possesses higher electronegativity 

[53, 70]. Since the main structural difference in ASAC25 and ASAC30 is the pore distribution, it 

is reasonable to believe that Te confined in the microporous carbon (ASAC25) has a stronger Te-

C interaction than Te confined in the mixed micropores and mesopores (ASAC30). The stronger 

Te and C interaction in ASAC25-Te is expected to achieve more effective confinement of active 

materials (Te and Li2Te), thus preventing them from dissolution into the carbonate electrolyte in 

Li -Te batteries.  



57 

 

 

Figure 4.2.1. (a) Nitrogen adsorption-desorption isotherms and (b) pore-size distribution of 

ASAC25 and ASAC30, (c) XRD patterns of ASAC25, ASAC30, ASAC25-Te and ASAC30-Te, 

in comparison to standard Te powders (JCPDS PDF # 79-0736), and (d) Te 3d XPS spectra of 

ASAC25-Te and ASAC30-Te. 
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Figure 4.2.2. (a) XPS full spectra, (b) C 1s spectra and (c) O 1s spectra of ASAC25-Te, (d) XPS 

full spectra, (e) C 1s spectra, and (f) O 1s spectra of ASAC30-Te. 

Table 4.2.1. Pore structures of ASAC25 and ASAC30. 

 Surface area (m2 g-1) Pore volume (cm3 g-1) Average pore size (nm) 

ASAC25 2345.3 1.15 0.6 

ASAC30 2403.1 1.50 2.6 

 

4.2.2   Morphology Investigation of Te/C Composites with 

Micro/Mesoporous Carbons 

The morphologies of the porous carbon and Te/C composites are shown in Figure 4.2.3. It can be 

seen that ASAC25 and ASAC30 powders have similar porous and interconnected structures 

(Figures 4.2.3a-b), which are beneficial for electrolyte wetting in Li-Te batteries. After Te 

impregnation, ASAC25-Te and ASAC30-Te show no noticeable morphological change compared 

to ASAC25 and ASAC30. EDS mapping (Figure 4.2.3c) reveals the uniform distribution of Te 
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and C elements in ASAC25-Te. However, Te agglomerates in some parts of ASAC30-Te show 

inhomogeneous distribution (Figure 4.2.3d).  

 

Figure 4.2.3. SEM images of (a) ASAC25, (b) ASAC30, (c) ASAC25-Te, and (d) ASAC30-Te 

with EDS mapping of Te and C elements. 

Figure 4.2.4 shows the morphology and elemental distribution of ASAC25-Te and ASAC30-Te 

on a smaller length scale. As shown in Figures 4.2.4 a-c, ASAC25-Te has an amorphous structure 

consistent with its XRD pattern (Figure 4.2.1c).  However, ASAC30-Te showed much more 

crystalline Te with sizes around 3-10 nm than ASAC25-Te. Lattice fringes could be observed in 

ASAC30-Te (Figure 4.2.4f). The lattice spacing of 0.32 nm corresponds to the (011) plane of the 

hexagonal tellurium. The strong diffraction peaks in the XRD and STEM-EDS (Figure 4.2.5) 

together suggest the existence of large Te in ASAC30-Te, probably due to incomplete infiltration 

of Te in ASAC30-Te. The minor O element is detected in ASAC25-Te and ASAC30-Te (Table 

4.2.2), consistent with XPS spectra. From the above results, Te is confined in both micropores and 

mesopores in ASAC30-Te with larger sizes and also exists as bulky Te. As a result, the contact 

surface between ASAC30 carbon and Te is smaller than that in ASAC25-Te. The effect of 

electronegative carbon host on the state of Te-Te bond is less in ASAC30-Te than in ASAC25-Te. 

Therefore, the Te and C interaction in ASAC25-Te is more substantial than that in ASAC30-Te. 

The different pore structure of ASAC25 and ASAC30 results in the difference in Te impregnation 
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in Te/C composites. Microporous carbon is favorable over mesoporous carbon in promoting Te 

infiltration into the carbon host by the melting diffusion method. Moreover, carbon pore size also 

affects the structure of Te in the carbon host, i.e., amorphous Te in ASAC25 and crystalline Te in 

ASAC30. According to previous studies in Li-S and Li-Se batteries, the existing form of S or Se 

is mainly influenced by the porous structure of carbon host materials [34, 122]. The smaller pore 

size might lead to stronger interaction potential between active materials and carbon matrix and 

trap S or Se in a highly dispersed state [123-127]. Therefore, S or Se molecules confined in such 

pores exist in the form of an amorphous state. The disappeared crystalline Te peaks in Te/C 

composite are also reported in the literature [70]. 

 

Figure 4.2.4. (a, d) TEM, (b, e) STEM, and (c, f) HRTEM images for (a-c) ASAC25-Te and (d-

f) ASAC30-Te. Inserts on the right top corners of (c) and (f) correspond to fast Fourier transform 

(FFT) patterns. Insert on the bottom right corner of (f) is an enlarged HRTEM image. 
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Figure 4.2.5. STEM image and EDS mapping of (a) ASAC25-Te and (b) ASAC30-Te. 

Table 4.2.2. EDS elemental analysis of ASAC25-Te and ASAC30-Te composites. 

Electrodes Status 
Elemental composition (wt%) 

Te C O 

ASAC25 Before cycling 49.3 48.2 2.5 

ASAC30 Before cycling 57.1 40.7 2.1 

 

4.2.3   Cycling and Rate Performance of Te/C Cathodes with 

Micro/Mesoporous Carbons 

The electrochemical performance of ASAC25-Te and ASAC30-Te electrodes are evaluated in Li-

Te batteries using Li metal as the counter electrode. TGA analysis reveals that Te contents in 

ASAC25-Te and ASAC30-Te are 49 wt% and 56 wt% (Figure 4.2.6), respectively.  
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Figure 4.2.6. TGA curves of Te/C composites measured in (a) N2, and (b) the air.  

Te condensation under air in the TGA equipment was observed when the TGA experiments were 

performed on the Te/C composites under an inert environment (N2 or Ar). Thus, all the Te/C 

composites were analyzed by TGA in the air to burn the carbon and leave Te as TeO2 in the ceramic 

pan. The TGA data were analyzed following a paper using the same procedure, and the Te content 

was determined by using the following equation [46]: 

Te (wt%) = (molecular weight of Te)/molecular weight of TeO2 × (final weight of TeO2/initial 

weight of Te/C) × 100                                                                                                              Eq. 4.1 

The cycling performance of the pure Te electrode is also tested as a comparison (Figure 4.1.7). 

The Te-only electrode shows a low initial specific capacity of 130 mAh g-1 at 0.1C, followed by a 

rapid capacity decline over the subsequent 20 cycles. 
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Figure 4.2.7. Electrochemical performance of pure Te electrode. 

As shown in Figure 4.2.8a, ASAC25-Te cathode exhibits a discharge capacity of 687.9 and 500.6 

mAh g-1 in the first and second cycles, respectively, exceeding Te's theoretical specific capacity 

(420 mAh g-1). The possible capacity contribution of ASAC25 and ASAC30 is also tested under 

the same current as Te-ASAC25 or ASAC30-Te. Considering the weight percentage of carbon, 

ASAC25 and ASAC30 only delivered about 19 mAh g-1 in ASAC25-Te and ASAC30-Te 

electrodes. Hence, the specific capacity of the Te/C cathodes is primarily provided by Te, which 

is demonstrated in Figure 4.2.9. The extra capacity above 420 mAh g-1 is probably due to Li 

storage adsorption on electrolyte-Te/C interface [72]. The large irreversible capacity in the first 

two cycles could be due to the decomposition of electrolyte and the formation of solid electrolyte 

interphase (SEI) on the Te/C cathode [46]. ASAC25-Te exhibits stable cycling performance and 

maintains a specific discharge capacity of 429.6 mAh g-1 with a capacity retention of 85.8% after 

100 cycles. In comparison, the specific capacity of ASAC30-Te is only relatively stable at around 

420.0 mAh g-1 in the first 20 cycles and then undergoes rapid decay afterward. After 100 cycles, 

ASAC30-Te remains only a discharge capacity of 107.2 mAh g-1. Figure 4.2.8b presents the 

Coulombic efficiency (CE) of ASAC25-Te and ASAC30-Te cathodes. The initial Coulombic 

efficiency (ICE) is 65.0% and 38.1% for ASAC25-Te and ASAC30-Te, respectively. The CE of 

ASAC25-Te gradually increases in the initial 5 cycles and stabilizes at around 99.3% until 100 

cycles. In contrast, ASAC30-Te cathode experiences a sudden drop in CE from ~ 90% down to 

80% between 10 and 50 cycles, which corresponds to the rapid capacity degradation in the cycling 

(Figure 4.2.8a). This low CE is probably due to the side reaction between bulky Te in ASAC30 
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and the electrolyte [50], which can be further revealed in the galvanostatic discharge-charge 

profiles (Figures 4.2.8c-d). For the first cycle, a voltage slope between 1.7 V and 1.9 V could be 

observed in ASAC30-Te (Figure 4.2.10), which could probably be attributed to the formation of 

the SEI layer on the Te/C cathode surface or the dissolution of bulky Te into the carbonate 

electrolyte.  

 

Figure 4.2.8. (a) Cycling performance and (b) Coulombic efficiency (CE) of ASAC25-Te and 

ASAC30-Te electrodes measured at 0.1 C (1 C=420 mA g-1) in half cells using Li metal as 

counter electrode and 1M LiPF6, EC:DEC electrolyte; charge-discharge curves of (c) ASAC25-

Te and (d) ASAC30-Te in the 1st, 2nd, 51st, and 101st cycles. 
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Figure 4.2.9. (a) Rate capabilities of ASAC25 and ASAC30, (1C=420 mA gTe
-1) (b) cycling 

stability, and (c) rate performance of ASAC25-Te and ASAC30-Te after removing the capacity 

contribution of the carbon host. 

 

Figure 4.2.10. Charge-discharge profiles of ASAC25-Te and ASAC30-Te in the first cycle. 

The CV results for ASAC25-Te in Figure 4.2.11 show only one charge-discharge plateau at ~1.50-

1.75 V, which corresponds to the one-step phase transition between Te and Li2Te in carbonate-

based electrolytes [46]. The cathodic/anodic peak potentials for ASAC30-Te have a slight shift to 

1.55/1.85 V, revealing higher overpotential during the charge/discharge process. Notably, the 

charge-discharge profiles for ASAC25-Te are nearly overlapped from the 2nd to 101st cycle, 

suggesting the excellent reversibility of ASAC25-Te cathode. Moreover, the voltage difference 

between charge and discharge plateaus for ASAC30-Te gradually becomes larger from the 1st 

cycle to the 101st cycle, suggesting the increased polarization over cycling. From Figures 4.2.8c-

d, it is clear that ASAC25 provides much more effective confinement for Te than ASAC30 does. 

Since the ASAC25-Te and ASAC30-Te composites have close oxygen contents, we might 

consider that Te-O on the surface is not the main factor responsible for the difference in the 
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electrochemical properties. The carbon pore structure is probably the primary cause of the 

performance difference. Despite the higher surface area and larger pore volume of ASAC30 than 

ASAC25, it can be found that micropores in the carbon host play the most crucial role in confining 

Te and preventing it from dissolution into the electrolyte. The dissolved Te in ASAC30-Te could 

diffuse to and react with Li metal anode, causing a shuttle effect and leading to the low CE (Figure 

4.2.8b). From the above results, it can be concluded that the critical merits of the carbon hosts for 

Te are micropores and large pore volume.  

 

Figure 4.2.11. CV curves of (a) ASAC25-Te and (b) ASAC30-Te measured at the scan rate of 

0.2 mV s-1. 

To figure out possible structure change of the two Te/C electrodes after 100 cycles, EIS test and 

ex-situ SEM tests of the cycled ASAC25-Te and ASAC30-Te are carried out. As shown in Figure 

4.2.12a, the charge transfer resistance (Rct) of ASAC25-Te significantly decreased after 100 cycles, 

which benefits from the effective confinement of active materials (Te and Li2Te) into micropores. 

The surface of the cycled ASAC25-Te cathode remained flat as the pristine one (Figures 4.2.12b-

c). By contrast, a dramatic increase of Rct is found in the cycled ASAC30-Te (Figure 4.2.12d), 

which is probably due to the dissolution of Te bulks from mesopores, thus gradually reducing the 

utilization of active materials over long-term cycling tests. The apparent cracks on the surface of 

cycled ASAC30-Te (Figure 4.2.12f) compared to the pristine surface (Figure 4.2.12e) furtherly 

confirmed the structural instability of ASAC30-Te, which could be attributed to the ineffective 

confinement of Te in ASAC30 matrix. The lower Te content (Table 4.2.3) and peak current 

(Figure 4.2.13) in the cycled ASAC30-Te cathode also indicate the loss of active materials. The 
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poor electrochemical and structural stability of ASAC30-Te is probably caused by the weaker 

interaction between Te and the ASAC30 carbon host. In comparison, the ASAC25-Te possesses 

stronger Te and C interaction, which ensures effective encapsulation of Te and contributes to 

exceptional cycling stability [53, 70]. Therefore, micropores are more beneficial for effectively 

accommodating active materials and providing efficient Li+ diffusion pathways over long-term 

cycling. 

 

Figure 4.2.12. (a) Nyquist plots, (b-c) SEM images of pristine and cycled ASAC25-Te, (d) 

Nyquist plots, (e-f) SEM images of pristine and cycled ASAC30-Te. 
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Figure 4.2.13. CV results of (a) ASAC25-Te and (b) ASAC30-Te cycled after 100 cycles.  

 

Table 4.2.3. EDS elemental analysis of ASAC25-Te and ASAC30-Te cathodes. 

Electrodes Status 
Elemental composition (wt%) 

Te/C weight ratio 
Te C O 

ASAC25-Te 
Before cycling 32.4 59.2 8.4 0.55 

After cycling 18.1 39.7 42.2 0.43 

ASAC30-Te 
Before cycling 31.0 62.0 7.0 0.50 

After cycling 10.5 35.2 54.3 0.30 

 

The rate capability of the ASAC25-Te and ASAC30-Te cathodes is evaluated from 0.1 C to 5 C, 

and the results are illustrated in Figure 4.2.14. ASAC25-Te can deliver a reversible capacity of 

494.9, 428.5, 384.6, 343.6, 292.8, and 205.4 mAh g-1 at 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. 

Notably, ASAC25-Te still exhibits a discharge capacity of 461.9 mAh g-1 once the current density 

is reset from 5C to 0.1 C, indicating the good stability of the ASAC25-Te cathode structure. In 

comparison, ASAC30-Te shows a reversible capacity of 497.8, 370.3, 288.1, 207.2, 148.2, and 

100.2 mAh g-1 at 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. When the current density is reversed to 

0.1C, ASAC30-Te can only maintain a specific capacity of 258.5 mAh g-1 due to the permanent 

loss of Te active materials during high-rate cycling. The capacity loss could be due to the 
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destruction of Te structure in ASAC30-Te at high current densities. Charge-discharge profiles of 

ASAC25-Te and ASAC30-Te at 0.2, 0.5, 1, and 2 C are compared in Figures 4.2.14b-c. Overall, 

the overpotential of ASAC25-Te at each C-rate is much smaller than that of ASAC30-Te, 

indicating better reaction kinetics in the former than the latter. The superior cycling and rate 

performance of ASAC25-Te can be ascribed to the effective confinement of active species (Te and 

Li 2Te) in the microporous carbon structure over repeated cycling. Moreover, the high surface area 

of ASAC25 can provide sufficient contact surface with the electrolyte, facilitating fast Li-ion 

diffusion and electron transfer. Thus, ASAC25 is chosen as the model system for further 

investigation of the Te content.  

 

Figure 4.2.14. (a) Rate capability and charge-discharge curves of (b) ASAC25-Te and (c) 

ASAC30-Te electrodes measured at 0.1, 0.2, 0.5, 1, 2, and 5 C. 

 

4.3   Effect of Te Content on the Performance of ASAC25-Te Cathodes 

4.3.1   Microstructures of ASAC25-Te Composites with Various Te Content 

The Te content, i.e., the weight percentage of Te in Te/C cathode, is an essential parameter for 

practical Li-Te batteries because it determines the cells' actual energy density. Increasing Te 

content is necessary in order to achieve higher-energy-density Li-Te batteries.  Te and ASAC25 

with different mass ratios were mixed to prepare ASAC25-Te composites with varying Te contents 

(49 wt%, 60 wt%, and 67 wt%). ASAC25 is selected due to its superior properties in confining Te 

and delivering stable electrochemical performance in Li-Te batteries. The Te contents in ASAC25-

Te composites are obtained by TGA analysis (Figure 4.2.6). Figure 4.3.1 shows the XRD and 
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Raman results of ASAC25-Te composites with Te contents of 49 wt%, 60 wt%, and 67 wt%, 

thereafter named as ASAC25-Te-W49, ASAC25-Te-W60, and ASAC25-Te-W67, respectively. 

As shown in Figure 4.3.1a, these three ASAC25-Te composites display only one broad 

characteristic peak at around 27.6°, belonging to the (011) plane of crystalline Te, suggesting 

successful impregnation of Te into microporous ASAC25 in all the three samples. For ASAC25-

Te-W60 and ASAC25-Te-W67, the (101) peak from graphite is merged into the shoulder of (011) 

peak of Te, due to the stronger signal from Te. The Raman spectra in Figure 4.3.1b show four 

characteristic peaks located at 160, 270, 400, and 630 cm-1 for crystalline Te powders. These peaks 

are absent in all ASAC25-Te composites due to the complete infusion of Te in ASAC25 [70]. All 

the ASAC25-Te composites exhibit only two peaks, D band and G band, centered at 1344 and 

1592 cm-1, respectively, which originate from the carbon structure of ASAC25. The above result 

suggests that ASAC25 provides sufficient micropores for the infiltration of Te up to 67 wt%, due 

to its high pore volume (1.15 cm3 g-1).  

 

Figure 4.3.1. (a) XRD patterns and (b) Raman spectra of ASAC25, ASAC25-Te-W49, 

ASAC25-Te-W60, and ASAC25-Te-W67 in comparison to crystalline Te powders. 

4.3.2   Cycling Stability of ASAC25-Te Cathodes with Various Te Content 

The effect of Te content on the electrochemical performance of ASAC25-Te cathodes is shown in 

Figure 4.3.2. The ASAC25-Te-W49 electrode exhibits a high discharge capacity of 500.6 mAh g-

1 in the 2nd cycle and possesses the best stability among all the samples. The specific discharge 

capacity for ASAC25-Te-W60 decreases gradually from 432.8 mAh g-1 in 2nd cycle to 237.6 mAh 

g-1 in the 100th cycle. Further increase of the Te content to 67 wt% causes a dramatic decline in the 
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capacity of ASAC25-Te-W67, which remains only 59.1 mAh g-1 after 100 charge-discharge cycles. 

The CE of ASAC25-Te-W67 also shows an obvious decrease in the first 40 cycles. The charge-

discharge profiles of the three cathodes in the 2nd cycle and 100th cycle are shown in Figures 

4.3.2c-d, respectively. In the 2nd cycle, the three ASAC25-Te cathodes exhibit very close 

overpotential, and one single charge-discharge plateau, suggesting the one-step transition between 

Te and Li2Te. However, ASAC25-Te-W49 has the smallest overpotential after 100 cycles, while 

the others have increased polarization. The reduced performance for ASAC25-Te-W67 could be 

due to the acute volume change induced by lithiation and de-lithiation, which might cause damage 

to the carbon host and exposure of Te to the electrolyte [50, 52]. Therefore, the Te content in the 

ASAC25-Te cathode should be maintained around 60 wt% or below to obtain optimal cycling 

performance.  

 

Figure 4.3.2. (a) Cycling performance, (b) Coulombic efficiency (CE), and charge-discharge 

profiles of ASAC25-Te-W49, ASAC25-Te-W60, and ASAC25-Te-W67 in the (c) 2nd and (d) 

100th cycles measured at 0.1 C. 
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ASAC25-Te-W49 exhibits the highest rate capability from 0.1 to 5 C (Figure 4.3.3). The discharge 

capacities for ASAC25-Te-W60 and ASAC25-Te-W67 are 458.1/466.1, 400.4/393.4, 342.9/340.3, 

305.4/307.5, 254.9/256.8 mAh g-1 at 0.1, 0.2, 0.5, 1 and 2 C, respectively. As the current density 

changes back to 0.1 C, ASAC25-Te-W49 and ASAC25-Te-W60 maintain discharge capacities of 

461.9 and 412.8 mAh g-1, respectively, while ASAC25-Te-W67 has only 357.2 mAh g-1. The good 

stability of ASAC25-Te-W49 and ASAC25-Te-W60 cathodes can be attributed to enough pre-

reserved empty space inside porous carbon (partial filling), which is essential for accommodating 

the large volume expansion of active species (Te and Li2Te) during the lithiation and de-lithiation 

process. The excessive addition of Te probably causes high stress between Te and the carbon host, 

which might lead to structural instability during a long-term cycling test.  

 

Figure 4.3.3. Rate performance of ASAC25-Te composites. (a) Comparison of capacities at 

0.1C-5C, charge-discharge profiles of (b) ASAC25-Te-W49, (c) ASAC25-Te-W60, and (d) 

ASAC25-Te-W67. 

Figure 4.3.4 shows the long cycling stability, CE, and charge-discharge profiles of ASAC25-Te-

W49 evaluated at 0.1 C in the initial 5 cycles and at 1 C afterward. It can be observed that this 
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electrode possesses exceptional cyclability during the first 300 cycles with a high capacity 

retention of 94.9%. The charge-discharge curves in the 7th, 100th, and 300th cycle are overlapped 

with each other, suggesting good stability and reversibility of this electrode. Even the capacity 

experiences a slight decrease in the next 200 cycles, ASAC25-Te-W49 still remains 272.7 mAh g-

1 after 500 cycles. This remarkable capacity and stability benefit from the effective confinement 

of Te in the micropores of ASAC25, good accommodation of Te volume change in the partially 

fill ed ASAC25, and fast transfer of ions/electrons at the electrode-electrolyte interface facilitated 

by the high surface area of ASAC25. 

  

Figure 4.3.4. (a) Long-term stability and (b) charge-discharge profiles of ASAC25-Te-W49 

electrode measured at 0.1 C in the first 5 cycles and 1 C in the subsequent cycles. 

4.3.3   Working Mechanism Analysis of Te-C Interplay During 

Charge/Discharge Process 

Based on the above analysis, ASAC25, mainly consisting of micropores, possessed superior rate 

and long-cycling performance compared to ASAC30, which has both micropores and mesopores. 

A possible mechanism is proposed in Figure 4.3.5 to explain the role of carbon pore structure on 

the performance of Te/C cathode in Li-Te batteries. For ASAC30, Te infiltrates into the 

micropores and mesopores, and the possibility remains on the other surface of the carbon matrix 

as well. During the lithiation process, the formation of the discharge product (Li2Te) is 

accompanied by acute volume expansion. Over repeated cycling, the active species (Te and Li2Te) 

inside mesopores and/or on the other surface will dissolve into the electrolyte, causing permanent 

loss of reversible capacity as reflected by the capacity decay, low CE, and increased charge transfer 
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resistance. By contrast, microporous ASAC25 results in the impregnation of smaller and more 

disordered Te (as confirmed by XRD and HRTEM) during the melt-diffusion process. Under the 

same melt-diffusion condition, the impregnation of Te in microporous carbon is more complete 

than in mesoporous carbon, probably due to the capillary force difference. Due to the complete 

impregnation of Te in micropores and the large contact surface between ASAC25 and Te, 

ASAC25-Te exhibits stronger Te and C interaction than ASAC30-Te (as revealed by XPS). In 

other words, ASAC25 can better confine Te in the micropores, leading to the better structural 

stability of Te over cycling. The better confinement and stronger Te-C interaction in ASAC25-Te 

than in ASAC30-Te are significantly responsible for the reduced loss of active Te from the former 

than the latter over the repeated cycling and Te/Li2Te volume expansion/contraction (SEM and 

EDS after cycling, EIS before and after cycling, and CV for post-cycled electrode). It should be 

noted that our result suggests that the microporous carbon host should be partially filled with Te 

(up to ~ 60 wt%) to preserve space to accommodate volume change induced by the Te-Li 2Te phase 

transition.  

 

Figure 4.3.5. Schematic diagram of working mechanisms of ASAC30-Te and ASAC25-Te. 

Table 4.3.1 summarizes the reported Te electrode in Li-Te batteries using carbonate, ether, DMSO, 

and solid polymer electrolyte. The rate performance of Te/C electrodes tested in carbonate 

electrolytes is especially compared in Figure 4.3.6, and Te/C electrodes with similar Te contents 

and loadings are chosen for a fair comparison. It could be seen that the Te encapsulated in ASAC25 



75 

 

showed better performance than Te/hollow carbon @CNT [73] and Te/porous carbon [46] at 

current densities of 42-840 mA g-1. The performance of ASAC25-Te herein is comparable to those 

of CMK-3/Te and rib-like porous carbon/Te [69, 72]. Our work shows that excellent performance 

of Li-Te batteries could be achieved by carefully selecting the carbon hosts from commercial 

sources. Moreover, the key merits of the carbon hosts include the majority of micropores and high 

pore volume. Figure 4.3.6b shows the relationship between Te content and the pore volume of the 

carbon host. The black curve represents the theoretical maximum Te contents calculated based on 

the pore volume of the carbon host. It can be seen that the actual Te contents, without comprising 

the overall performance, are below the theoretical maximum values because of the empty space 

required to accommodate structural expansion. 

 

Figure 4.3.6. Comparisons of (a) discharge capacity in Te/porous carbon [1], Te/CMK-3 [2], 

Te/rib-like porous carbon [3], Te/hollow carbon@CNT [4], and this work at different current 

densities and (b) Te content versus pore volume of the carbon host (black circles represent the 

theoretical maximum value).
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Table 4.3.1. Comparison of Te cathodes in Li-Te batteries. 

Cathode 
Te content 

(wt%) 

Te loading 

(mg cm-2) 

Pore volume 

(cm3 g-1) 
Electrolyte 

Discharge capacity: 1st Ą 

2nd cycle 
Cycling performance Ref. 

Te/ porous 

carbon 
50 1 0.44 

1M LiPF6 

in EC:DEC 

324 mAh g-1 
Ą 317 mAh 

g-1 at 50 mA g-1 

324 Ą 224 mAh g-1 

after 1000 cycles at 

50 mA g-1 

[46] 

Te/C  65.1 3.16 N/A 
1M LiPF6 

in EC:DEC 

1088 mAh cm-3 (740 mAh 

g-1) Ą780 mAh cm-3 at 10 

mA g-1 

597 mAh cm-3 (252 

mAh g-1) after 100 

cycles at 100 mA g-1  

[50] 

Te/CMK-3 55.1 
0.08-0.10 

mAh cm-2 
1.41 

1M LiPF6 

in 

EC:DMC 

450 Ą403 mAh g-1 at 

0.5C (1C=420 mA g-1) 

286 mAh g-1 at 10 C 

for 990 cycles (85% 

retention) 

[69] 

Te/rib-like 

porous carbon 
50 2 0.765 

1M LiPF6 

in EC:DEC 

480 Ą 450 mAh g-1 at 

0.5C (1C=420 mA g-1) 

Keep 288 mAh g-1 for 

3600 cycles at 2 C 
[72] 

Te/hollow 

carbon@CNT 
50 N/A 0.882 

1M LiPF6 

in EC;DEC 

700 Ą 380 mAh g-1 at 

0.5C (1C=420 mA g-1) 

700 Ą 240 mAh g-1 

after 500 cycles at 0.5 

C 

[73] 

Te/microporou

s carbon 
68 1 

0.638 (0.487 

for 

micropores) 

1M LiTFSI 

in 

DOL:DME 

670 Ą 481 mAh g-1 at 

0.1C (1C= 500 mA cm-2) 

274 mAh g-1 at 1 C 

after 1000 cycles  
[70] 

Te nanowires/ 

reduced rGO  
63.3 1.1 N/A 

1M LiTFSI 

in 

DOL:DME 

2611 Ą2500 mAh cm-3 at 

0.2C (1C=420 mA g-1) 

2443 mAh cm-3 

(391.5 mAh g-1) Ą 

1685 mAh cm-3 (270 

[47] 
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Cathode 
Te content 

(wt%) 

Te loading 

(mg cm-2) 

Pore volume 

(cm3 g-1) 
Electrolyte 

Discharge capacity: 1st Ą 

2nd cycle 
Cycling performance Ref. 

mAh g-1) after 500 

cycles at 1C 

Te/porous 

cobalt-doped 

carbon 

polyhedra 

77.2 2 0.64 

1M LiTFSI 

in 

DOL:DME 

2615.2 Ą 2600 mAh cm-3 

at 0.2C (1C=420 mA g-1) 

2484.4 mAh cm-3 

(398.1 mAh g-1) Ą 

2324.5 mAh cm-3 

after 800 cycles at 1C 

[53] 

Te/nitrogen-

doped porous 

carbon 

50 N/A 0.33 

1M LiTFSI 

in 

DOL:DME 

 510 Ą420 mAh g-1 at 

0.25C (1C=420 mA g-1) 

510 Ą 310 mAh g-1 

after 200 cycles at 

0.25C 

[75] 

1. Te/ordered 

macroporous 

carbon;  

2. Te 

nanowires 

1. 70; 

2. 100 

1 N/A; 

2. 1 

1. 2.38; 

2. N/A 

1M LiClO4 

in DMSO 

1. About 338Ą290 mAh 

g-1 at 100 mA g-1 

 2. About 2100 Ą900 

mAh cmī3 at 100 mA g-1 

1. 130 mAh g-1 at 

1000 mA g-1 for 150 

cycles; 

2. 900 mAh cmī3 

(1800 mWh cmī3) at 

100 mA g-1 for 80 

cycles  

[71] 

Te nanowires 

@CNTs 
50 2.55 0.964 

1M LiTFSI 

in DMSO 

548 Ą 400 mAh g-1 at 

0.1C (1C=420 mA g-1) 

488 Ą 238 mAh g-1 

after 200 cycles at 1C 
[77] 

Te 

nanorods/Ni/ 

carbon cloth 

1.19 0.35 N/A 
1M LiClO4 

in DMSO 

276.6 Ą230 mAh g-1 at 

100 mA g-1 

70.5 Ą 47 mAh g-1 

after 500 cycles at 

100 mA g-1 

[78] 
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Cathode 
Te content 

(wt%) 

Te loading 

(mg cm-2) 

Pore volume 

(cm3 g-1) 
Electrolyte 

Discharge capacity: 1st Ą 

2nd cycle 
Cycling performance Ref. 

Te nanotubes/ 

carbon cloth 
13 0.8 N/A 

Polymer 

solid 

electrolyte 

580 Ą405 mAh g-1 at 100 

mA g-1 at 20 °C (cut-off 

voltage: 0-3V) 

580 Ą 316.7 mAh g-1 

after 500 cycles at 

100 mA g-1 at 60 °C 

[79] 
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4.4   Durable Te/C Cathodes with Biomass-Derived Porous Carbon as Te Host 

In addition to commercial carbons, synthesized porous carbons are another choice to customize 

desired pore structure for Li-Te batteries. Lignin is a naturally abundant polymer with plentiful 

oxygen-containing functional groups and is easily developed into various pore structures [128-

130]. Lignin is a cost-effective precursor for the synthesis of porous carbon to host Te and enable 

a high-performance Li-Te battery. 

In this subsection, lignin-derived porous carbons with different pore structures are synthesized and 

utilized as Te hosts to mitigate the volume variation of Te. These activated carbons predominantly 

consist of micropores and have increased surface area and pore volume versus activation 

temperature. A majority of micropores interconnected with mesopores are found in AC700 carbon, 

offering sufficient channels for fast electron transfer, Li-ion conduction, as well as electrolyte 

penetration. Due to the good structure and fast redox kinetics, the Te/AC700 delivers a high 

reversible capacity of 417.6 mAh g-1 and exhibits excellent cycling stability over 1,000 cycles at a 

high current density of 2C.  

4.4.1   Schematic of Preparation Procedures of Carbon Activation 

Lignin, with abundant resources from plants, is an attractive and sustainable precursor for the 

preparation of hierarchical porous carbon. Carbonization and activation treatment are common 

processes to turn biomass precursors into porous carbon structures [41, 121, 131]. In this work, 

bulky lignin experienced carbonization and activation with KOH as a pore-forming agent under 

nitrogen flow to create numerous interconnected pores, as schematically shown in Figure 4.4.1. 

The detailed experimental procedures are described in Section 3.1.1. The majority of cavities are 

able to confine Te molecules by the melt-diffusion method to accommodate the volume expansion 

from Te to Li2Te. It was reported that the porosity of biomass-derived carbon is mainly determined 

by the KOH/lignin ratio and carbonization/activation temperature [132, 133]. Herein, we select a 

fixed KOH/lignin ratio of 2:1 and vary the activation temperature from 600 to 800 °C to investigate 

the difference in the carbon pore structure.  
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Figure 4.4.1. Schematic illustration of the preparation process for Te/AC composites. 

 

4.4.2   Pore Structure Analysis of Different Porous Carbons 

Figures 4.4.2a-d show the microstructure of the raw lignin and as-prepared porous carbon. A 

number of particles accumulate together in raw lignin, as seen in Figure 4.4.2a. After the 

activation treatment at 600 °C, AC600 carbon possesses quite a few tiny pores with hundred 

nanometers (the inset image in Figure 4.4.2b). With the increase of activation temperature, the 

carbon matrix displays more pores ranging from hundred nanometers to several micrometers, as 

presented in Figures 4.4.2c-d. These abundant pores provide favorable channels for electrolyte 

infiltration, fast electron transfer, and Te confinement. Figure 4.4.2e presents the nitrogen 

adsorption/desorption isotherms of AC600, AC700, and AC800. All the carbons show type-I 

isotherm, indicating the micropores dominant property [120]. Figure 4.4.2f reveals the narrow 

pore size distribution of these carbons with an average diameter of 0.6 nm. The pore volume and 

Brunauer-Emmett-Teller (BET) surface area are 0.10, 0.33, and 0.38 cm3 g-1 and 222.43, 769.72, 

and 1036.99 m2 g-1 for AC600, AC700, and AC800, respectively (Table 4.4.1). One noticeable 

difference between AC700 and AC800 is that AC700 consists of many micropores and a small 

portion of mesopores, while AC800 contains only micropores. In specific, the micropore volume 

is 0.08, 0.28, and 0.38 cm3 g-1 for AC600, AC700, and AC800, respectively. Elevated activation 

temperature leads to a growing number of micropores, which might be explained by the following 

KOH-induced activation reaction [131]:  

4C + 6KOH Ÿ 6K + 3H2 + 2CO + 2CO2                                                                               Eq. 4.2               

This reaction between char and KOH is driven by temperatures to produce porous carbon, and 

higher temperature facilitates this activation process and therefore results in richer porosity.   
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Figure 4.4.2. SEM images of (a) raw lignin, (b) AC600, (c) AC700, (d) AC800, and (e) nitrogen 

adsorption/desorption isotherm and (f) pore size distribution of AC600, AC700, and AC800. 

Table 4.4.1. Pore structures of AC600, AC700, and AC800. 

Sample 
BET Surface 

area (m2 g-1) 

Total pore 

volume (cm3 

g-1) 

Micropore 

volume of (cm3 

g-1) 

Mesopore 

volume (cm3 g-1) 

Maximum Te 

loading 

(wt %)* 

AC600 222.4 0.10 0.08 0.02 38.5 

AC700 769.7 0.33 0.28 0.05 67.4 

AC800 1037.0 0.38 0.38 0 70.4 

* Maximum Te loading is calculated assuming that all carbon pores are occupied by Te.  

 

4.4.3   Morphology and Structural Characterizations of Te/C Composites 

The Te/C composites were prepared by a melt-diffusion method to complete the infusion of Te 

molecules. Figures 4.4.3a-c and Figure 4.4.4 display their morphologies and elemental 
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distribution of Te and C. XRD patterns in Figure 4.4.3d revealing the different forms of Te in the 

Te/C composites. The three carbons show an identical XRD pattern with two broad diffraction 

peaks at 23° and 43° corresponding to the (002) and (010) planes (JCPDS No. 50-0927). For the 

Te/C composites, the Te/AC600 exhibits all the characteristic peaks of hexagonal Te (JCPDS No. 

79-0736). The peaks located at 23°, 27°, 38°, and 40° are assigned to the (100), (011), (102), and 

(110) planes, respectively. The high intensity indicates that a large amount of bulky Te is dispersed 

in the AC600 carbon matrix instead of being confined inside the micropores, which could be 

attributed to the low pore volume and specific area of AC600. In contrast, the Te/AC700 composite 

has a similar XRD pattern but with considerably lower intensity, suggesting that the majority of 

Te molecules are trapped in the hierarchical pores in AC700. It could be observed that all the 

crystalline Te peaks disappear in Te/AC800, implying that Te molecules are entirely embedded 

into microporous AC800 [70]. The TGA curves in Figure 4.4.3e determine the Te content in 

Te/AC600, Te/AC700, and Te/AC800 is 42, 47, and 43 wt%, respectively. The maximum Te 

loading in AC600, AC700, and AC800 is 38.5, 67.4, and 70.4 wt% (Table 4.4.1) based on the 

pore volume of each porous carbon. It could be found that Te content in AC600 is higher than its 

theoretical value, indicating that 3.5 wt% Te is not confined into the pore structure. The Te contents 

in AC700 and AC800 below the maximum values suggest that Te molecules are well encapsulated 

into the micropores or mesopores. The difference in TGA is probably associated with the pore 

structure of activated carbon. It is speculated that the plateau starting at 300 °C corresponds to the 

Te molecules evaporated from mesopores, and the higher temperature at 400 °C is attributed to the 

evaporated Te from micropores. The previously reported Te/C or Se/C structures prepared by the 

melt-diffusion method with micropores-dominant carbon hosts also present a similar TGA curve 

with two plateaus [70, 134].  



83 

 

 

Figure 4.4.3. SEM images of (a) Te/AC600, (b) Te/AC700, (c) Te/AC800, (d) XRD patterns of 

AC600, AC700, AC800, Te/AC600, Te/AC700, and Te/AC800, and (e) TGA curves of 

Te/AC600, Te/AC700, Te/AC800 composites obtained under an N2 environment. 
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Figure 4.4.4. SEM images and EDS mapping of (a) Te/AC600, (b) Te/AC700, and (c) 

Te/AC800. 

4.4.4   Cycling Performance of Te/C Cathodes with Various Porous 

Carbons 

Figure 4.4.5 illustrates CV curves of the Te/AC600, Te/AC700, and Te/AC800 electrodes at the 

scan rate of 0.2 mV s-1 at 1-3 V. The cathodic/anodic peaks of 1.62/1.94, 1.26/1.67, and 1.15/1.60 

V for Te/AC600, Te/AC700, and Te/AC800 could be assigned to the redox conversion between 

Te and Li2Te [70]. The inferior peak current of Te/AC800 indicated poor reaction kinetics.  

 




































































































































































































































































































