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ABSTRACT 

Lithium (Li) metal possesses very high specific capacity and low electrochemical potential, 

which shows great advantages to be used in next generation rechargeable Li metal batteries 

(LMBs). However, poor cyclability of Li metal anodes caused by inhomogeneous and 

uncontrolled Li deposition hinders the practical applications of rechargeable LMBs. Here, in 

order to effectively suppress Li dendrite growth without degrading the specific capacity, a 

three-dimensional (3D) pie-like current collector was prepared based on copper nanowires 

(CuNWs) and graphene (GE). The interior space of CuNWs framework efficiently 

accommodate Li deposition. Meanwhile, the GE layer wrapped outside CuNWs functions as 

flexible protective layer that could protect extra Li deposition. The CuNWs@GE current 

collectors demonstrated several merits to achieve better Li metal anodes with significantly 

improved Coulombic efficiency and cyclability for rechargeable LMBs. 

It is essential to develop a facile and effective method to enhance the electrochemical 

performance of Li metal anodes for building high-energy-density LMBs. Herein, we 

explored the temperature-dependent Li nucleation and growth behavior and constructed a 

dendrite-free Li metal anode by elevating temperature from room temperature (20 ℃) to 

60 ℃. A series of ex situ and in situ microscopy investigations demonstrate that increasing 

Li deposition temperature results in large nuclei size, low nucleation density, and compact 

growth of Li metal. We reveal that enhanced lithiophilicity and increased Li-ion diffusion 

coefficient in aprotic electrolytes at high temperature are essential factors contributing to the 

dendrite-free Li growth. As anodes in both half-cell and full-cell, the compact deposited Li 
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with minimized specific surface area delivered high Coulombic efficiencies and long cycling 

stability at 60 ℃. 

The formation of sodium (Na) dendrites during cycling has impeded the practical application 

of Na metal anodes. Herein, we developed a flexible graphene-based matrix, e.g., porous 

reduced graphene oxide (PRGO) film, to support dendrite-free Na nucleation and plating, 

contributing to high-performance Na metal batteries. The PRGO film possessed outstanding 

merits of sodiophilicity and flexibility. The sodiophilic PRGO film enabled uniform Na 

nucleation. Furthermore, the flexible PRGO film alleviated the texture deformation of 

electrodeposited Na, leading to a compact and dendrite-free Na deposition layer. The well-

maintained Na metal anodes on PRGO films exhibited superior cyclability, high Coulombic 

efficiency, and improved energy density in both half-cell and full-cell testing. This work 

illustrates the great significance of mechanical properties of the supporting matrix for the Na 

electroplating, which provides a new strategy to develop high-performance dendrite-free Na 

metal batteries. 
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INTRODUCTION 

Human history is the history of energy utilization, in which human’s activities, production 

and development critically rely on energy. Actually, the way of human using energy 

significantly determines the process of human society. Before the industrial revolution, 

people relied on the sun and burning wood to get heat, relied on wind and livestock forces to 

realize transportation and manufacturing. The low efficiency of energy utilization retained 

countries in the age of agricultural society with low subsistence level for thousands of years. 

The industrial revolution brought the fossil fuels, such as gas, coal and oil, into the course of 

human events, as well as changed the living mode through efficient energy utilization. Based 

on the high energy density of fossil fuels, a wealth of machine and facilities were invented 

and applied, they propelled this world making progress at a fast speed. Since 1900s, the 

invention and usage of electricity further pushed human beings forward the post-industrial 

era, in which people enjoyed a more convenient and colorful life. At present, we are 

experiencing another evolution of energy utilization. The problem of global warming caused 

by the usage of fossil fuels is approaching urgent situation, we must reduce the consumption 

of fossil fuels and replace them with clean energy sources, such as wind energy, solar energy 

and geo-thermal energy, to suppress the CO2 emission and reduce the environmental 

pollution.  

To reserve the energy obtained from clean energy sources, batteries have been used to 

conserve the electricity harvested from wind energy, solar energy and geo-thermal energy. 

Since Italian physicist Alessandro Volta created the first battery in 1800, a variety of 

rechargeable batteries, including lead-acid battery, nickel metal-hydride battery and lithium-

http://inventors.about.com/od/utstartinventors/a/Alessandro_Volta.htm
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ion battery, have been invented and utilized. These batteries significantly changed our life by 

powering different kinds of electric devices, such as mobile phone, laptop computer and 

electric bike. In comparison with conventional lead-acid and nickel metal-hydride batteries, 

lithium-ion batteries offer a higher energy density with very low self-discharge. Therefore, 

lithium-ion batteries successfully replaced conventional batteries and penetrated our daily 

life in a wide range of applications after its commercialization in 1990s. However, with 

emerging demands for electric vehicles, home energy systems and energy storage systems, 

batteries are facing new requirements which include high energy density, long service life, 

cost-efficiency and safety. Particularly, lithium-ion batteries are approaching the 

physicochemical limitation of energy density, the theoretical energy densities of lithium-ion 

batteries are mostly below 300 Wh kg-1. To meet the rising market demands, achieving high 

energy density is the prior target in present battery research. For example, a long driving 

mileage with at least 350 miles per single charge is essential for commercial electric vehicles 

which could compete with fuel vehicles. 

Lithium metal batteries and sodium metal batteries are considered as promising next 

generation batteries. They offer much higher gravimetric energy density and volumetric 

energy density in comparison with lithium-ion batteries, which are mainly ascribed to the 

low electrochemical potential, high capacity and low gravimetric density of lithium metal 

anode and sodium metal anodes. Although the lithium metal battery and sodium metal battery 

systems have great potential, they are both confronted with substantial challenges that must 

be addressed before their performances satisfying the demands of electric vehicle and electric 

device. In fact, due to the distinct reaction mechanism that vary from lithium-ion battery, 

massive metal dendrite may generate on lithium and sodium anodes during the 
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charge/discharge process. Lithium and sodium dendrite are recognized the notorious trouble 

hindering the performance promotion of lithium and sodium metal batteries. Ramified 

lithium and sodium not only increase the metal anodes’ surface area which lead to massive 

solid electrolyte interface and electrolyte consumption, but also form isolated lithium and 

sodium which reduce the available capacity. Moreover, lithium and sodium dendrite may 

penetrate separator and cause short-circuit then resulting in severe safety problem.  

Therefore, in this doctoral work, I investigate lithium and sodium metal batteries focusing on 

dendrite suppression. The research goals locate on developing new materials and strategies 

that endow lithium and sodium metal batteries with high electrochemical performances. 

Meanwhile, I probe the dendrite growth processes with the aim of in depth understanding 

basic mechanism of dendrite generation. In detail, this doctoral work introduces graphene 

wrapped copper nanowires current collector, porous reduced graphene oxide matrix and high 

temperature deposition strategy to significantly improve the performances of lithium and 

sodium metal batteries by restraining dendrite generation. A variety of methods and facilities 

as well as sufficient characterization and analysis are employed to fulfil research aims and 

goals. The contents are briefly outlined as follows: 

1. Chapter 1 reviews the development of lithium metal and sodium metal batteries 

accompanying with the introduction of lithium-ion and sodium-ion batteries. The basic 

concepts and principles of corresponding batteries are presented. Recent work for 

dendrite suppression and performance promotion in lithium metal and sodium metal 

batteries are introduced. 
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2. The method and experiment are presented in chapter 2, which consists of material 

preparation, material characterization, electrochemical measurement and data analysis. 

Solid state reaction, liquid phase reaction and high temperature reaction methods are 

combined to achieve material preparation. Various techniques and facilities including 

scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission 

electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray 

diffraction (XRD) are introduced for material characterization and measurement. 

Theoretical analysis is further discussed as an important part of experiment section.  

3. In chapter 3, a three-dimensional pie-like current collector is introduced for the 

application of dendrite-free lithium metal anode. Graphene wrapped copper nanowires 

current collector is compared with copper foil and copper nanowires current collectors 

by detail morphology observation for lithium plating on three current collectors. The 

important effect of graphene protective layer for suppressing lithium dendrite is 

illustrated through sufficient characterization and analysis.  

4. In order to probe the mechanism of lithium dendrite generation, I fulfil a study of 

temperature-dependent lithium nucleation and growth in chapter 4. In this chapter, the 

distinct lithium nucleation behavior caused by temperature rising is first disclosed 

through systemic ex situ and in situ microscope observation. Further investigation proves 

the dendrite-free lithium deposition layer at high temperature. Based on comprehensive 

study for the electrolyte property, the enhanced lithium ion migration at elevated 

temperature is revealed as the critical parameter for developing high performance lithium 

metal batteries.  
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5. Chapter 5 presents the fabrication of a porous reduced graphene oxide matrix and its 

application for dendrite-free sodium anode. The porous reduced graphene oxide film is 

constructed via a facile template elimination method, its morphology and mechanical 

property are characterized by SEM and AFM. Through thorough investigation and 

analysis comparing with copper foil and planar reduced graphene oxide film, the merits 

of sodiophilicity and flexibility of porous reduced graphene oxide film are demonstrated. 

Accordingly, the high-performance sodium metal batteries with compact and dendrite-

free sodium anodes are developed.  

6. In chapter 6, highlights of the serial work are summarized upon comprehensive 

investigation for dendrite suppression in lithium and sodium metal batteries. In addition, 

future directions for lithium and sodium metal battery developments are discussed. 
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CHAPTER 1 LITERATURE REVIEW 

Climate change is one of the most pressing challenges in the world. The emissions of 

greenhouse gases, such as carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4), 

have contributed to the global temperature increasing by around 1℃ since the industrial 

revolution started.1 The changing climate has potential impacts on ecology, physics and 

health, including extreme weather events, sea-level rise and altered crop growth.2 To mitigate 

climate change, United Nations Framework Convention on Climate Change (UNFCCC) have 

set a target, in the Paris Agreement on 12 December 2015, of limiting average warming to 

below 2 °C by 2100.3 Consumption of foil fuels, like gas, oil and coal, is the main reason of 

greenhouse gas emission. In order to achieve the goal of global warming control, clean 

energy sources, including solar, wind, geo-thermal and hydrogen, must be encouraged to 

replace the usage of fossil fuels. Therefore, developing energy storage system is crucial for 

conserving electricity that harvested from clean energy sources. To date, lithium-ion battery 

as a successful power source has been widely used for a large range of applications. Whereas, 

requirements for high performance battery system continue upgrading with the emerging 

demands for new electric devices, such as electric vehicle, home energy system and energy 

storage system. New rechargeable battery systems are urgently needed to fulfil the 

requirements for high energy density, long cyclability and safety. In this chapter, lithium-ion 

battery (LIB) and sodium-ion battery (SIB) technologies are firstly introduced, followed by 

detail reviews on recent research progress of next generation battery system-lithium metal 

battery (LMB) and sodium metal battery (SMB).  
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1.1 Lithium Batteries 

Since its commercialization in early 1990s, lithium-ion battery has become the important 

driving force for the global revolution in consumer electronics, energy storage systems, and 

other applications.4 Owing to the high voltage (~3.8 V) and large Li storage in cathode 

materials, LIBs offer an energy density (≈200 Wh kg-1) that five times higher than older lead-

acid battery (Figure 1.1). Therefore, billions of LIBs have been produced for portable 

electronics and substituted lead-acid battery gradually.5 The electrochemical performances, 

including energy density, cycling life, rate capability, of LIBs have been significantly 

improved based on research and development in recent decades.5-6 The state of the art LIBs 

can offer a gravimetric energy density of 260 Wh kg-1 and a volumetric energy density of 

780 Wh L-1, which support the electric vehicles with 300 miles of range.7 However, it is still 

not sufficient to satisfy the demands of electric vehicles for long-distance travel on a single 

charge. For example, according to US Department of Energy, a battery that power an electric 

car should have the capability of 600 miles on a single charge.8 In order to provide reliable 

and effective performance to substitute fossil fuels, further improvement on rechargeable 

batteries are required.6,9  
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Figure 1.1 Evolution of battery systems over the years.5 

1.1.1 Electrochemistry of lithium-ion batteries 

A common lithium-ion battery consists of two electrodes (anode and cathode), separator and 

electrolyte. As shown in Figure 1.2, the Li+ ions can migrate through the electrolyte then 

occur corresponding chemical reactions on the anode and the cathode. Simultaneously, the 

electrons are forced to traverse an external circuit where electric devices are powered.6 
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Figure 1.2 Schematic illustration of the LiCoO2 || Li+/graphite battery.6 

In lithium-ion batteries, Li+ ions move from the cathode electrode through the electrolyte to 

the anode electrode during discharge, and vice versa during charge. LIBs separator is a kind 

of mechanical and chemical stable membrane with micropores, which usually made from 

polyolefin resin. The electrolyte-permeable separator allows the penetration of Li+ ions but 

prevents the direct contact of two electrodes. The electrolyte, may be a liquid or a solid, 

performs the function of ion transportation between anode and cathode. In addition, the 

electrolyte solvent should have the ability of withstanding the potentials between two 

electrodes without decomposing.6,10 Generally, LIBs employ an intercalated lithium 

compound as the cathode material and typical graphite as the anode material. Li+ ions shuttle 

between the cathode and anode during the charge/discharge process to fulfil the rechargeable 

function of LIBs. Take the typical LiCoO2 || Li+/graphite battery as example, during charge 
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process, Li+ ions are extracted from the layered LiCoO2 cathode, intercalating into the 

graphite anode. Meanwhile, electrochemical energy is transformed from the electrons via the 

external circuit and stored within the battery in the form of chemical energy. 

When discharging, the reverse reactions occur and the electrochemical energy converts into 

electrons flowing through external circuit where electrical devices are powered.10-11  

 

Figure 1.3 An overview of specific capacity and potential characteristics of LIBs cathode 

materials.10 

A variety of LIBs have been developed since the invention of first LiCoO2 || Li+/graphite 

battery, these batteries have different properties. Gravimetric capacity, volumetric capacity 

and potential are crucial parameters charactering different LIBs. These characteristics vary a 

lot depend on different cathode and anode materials.10-12 As shown in figure 1.3 and figure 

1.4, the information of typical cathode and anode materials are summarized, distinct 

difference of specific capacity and potential are found between varied cathode materials and 

anode materials. In the following part, studies of cathode and anode materials for LIBs will 

be introduced. 
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Figure 1.4 An overview of specific capacity and potential characteristics of LIBs anode 

materials.10 

1.1.2 Cathode and anode materials for lithium-ion batteries 

Based on reaction mechanisms on electrodes, cathode materials can be classified into two 

types, intercalation cathode materials and conversion cathode materials.  

1.1.2.1 Intercalation cathode materials 

The intercalation cathode material is a kind of host network, in which guest ions can be stored. 

The processes of guest ions insertion into the host network and extraction from the host 

network are reversible. For LIBs, the guest ion is Li+ and the host network can be transition 

metal oxides, polyanion compounds. In addition, common intercalation compounds can 

further be divided into several types with different crystal structures, such as layered, spinel, 

and olivine.13-17 Generally, the specific capacity and voltage of intercalation cathodes are 

located at 100-200 mAh g-1 and 3-5 V (vs. Li/Li+), respectively. The recent research of 

intercalation cathode materials mostly pay attention to the transition metal oxide and 
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polyanion compounds because they have higher potential thus resulting in higher energy 

storage capability.  

As one of the earliest intercalation cathode materials, the layered LiCoO2 (LCO) has attracted 

a lot of attention. LCO has a high theoretical specific capacity of 274 mAh g-1 as well as the 

merits of high discharge voltage, low self-discharge and good cyclability.18-19 However, LCO 

material suffer from several limitations, including high cost, poor thermal stability and 

capacity fade. The high cost of LCO materials is mainly contributed by expensive cobalt (Co) 

which is a non-sustainable element with a low abundance in Earth’s crust.5,20 Charging at 

high voltage (> 4.2 V) can lead to lattice distortion, this result in the deteriorate performance 

of LCO, meaning the severe capacity fade with about 50% or more Li loss during delithiation 

process.21 Therefore, the practical batteries can merely achieve a low capacity of 130-150 

mAh g-1. The poor thermal stability of LCO is caused by exothermal reaction with the release 

of oxygen upon high voltage charging (Figure 1.5), the released oxygen can further react 

with organic electrolyte in an exothermic way.22 In order to address the issue of capacity fade 

and poor thermal stability, various strategies have been devote to enhance the stability and 

performance of LCO. A useful method is introducing metal dopants to improve the structure 

stability of LCO. The metal elements of Fe, Mn, Cr and Al were investigated to suppresses 

the structure transition of LCO materials.23-26 Another effective strategy is coating metal 

oxides. The coating layers of Al2O3, B2O3, SnO2, TiO2 and ZrO2 were demonstrated having 

remarkable effect for improving the rate capability and cycling performance of LCO.27-29 
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Figure 1.5 Schematic of LiCoO2 with layer structure.22 

As a substitute of expensive LCO material, the layered Li[Ni0.5Mn0.5]O2 (NMO) cathode 

material was developed.30 Because of the usage of lower cost transition metals (Mn and Ni), 

NMO material exhibits great advantage of cost control with providing similar energy density 

as LCO. Further adding Co element to form the Li[NixCoyMnz]O2 (NMC) was found to be 

an effective way for specific capacity improving and operate voltage increasing.31 For 

example, the common Li[Ni1/3Mn1/3Co1/3]O2 was reported exhibiting a high specific capacity 

of 234 mAh g-1 with good cycle stability.32 Rising the content of Ni is favorable for higher 

capacity because Ni is good for extra Li extraction. While, increasing Mn is beneficial for 

structure stability because Mn4+ retards the gas generated from the reaction between Ni and 

electrolyte.33 Moreover, researchers replaced Mn with Al and developed a new cathode 

material Li[Ni0.8Co0.15Al0.05]O2 (NCA) which shows better energy density.34 The NMC and 

NCA are promising cathode materials, but more efforts are still needed to solve their 

disadvantages, such as, poor thermal stability and poor cyclability.34-36  
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Figure 1.6 Schematic of spinel LiMn2O4 crystal structure.29 

One typical spinel cathode material is LiMn2O4 (LMO), in which Li occupy tetrahedral 8a 

sites, oxygen occupy the 32e position and Mn occupy the octahedral 16d sites (Figure 1.6).29 

The open three-dimensional structure of LMO allow Li+ ions diffusing through the vacant 

sites, thus reversable capacity is achieved by Li+ ions inserting and extracting the host 

framework. Although LMO was recognized as the promising cathode material, it still suffers 

from capacity fading in log-term cycling, which is attributed to several reasons, including 

irreversible side reactions with electrolyte and structural distortion during discharge.37 Some 

strategies were put forward to improve the cycling performance of spinel LMO. Metal doping 

with Al, Co, Cr and Fe were demonstrated beneficial for capacity retain of LMO by 

enhancing the structure stability.38-41 Also, other methods were investigated to improve 

LMO’s performance by enhancing Li+ diffusion and forming stable cathode SEI, such as, 

fabricating nanostructure and mesoporous materials and employing coating layers.42-46  
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Figure 1.7 (a) Schematic of olivine LiFePO4. (b) Schematics of charge/discharge processes 

of LiFePO4.47 

As shown in Figure 1.7, the popular LiFePO4 (LFP) material has olivine structure.47 In olivine 

structure, oxygen atoms are located at the hexagonal close-packed sites, phosphorus atoms 

occupy tetrahedral sites, iron atoms occupy octahedral 4a sites and lithium atoms occupy 

octahedral 4c sites. During delithiation process, LiFePO4 transform into FePO4 with Fe2+ 

oxidizing to Fe3+, meanwhile, a miscibility gap forms between FePO4 and LiFePO4 (Figure 

1.7b). For the lithiation process, FePO4 changes back to LiFePO4, discharging at a flat voltage 

of 3.4 V (vs. Li+/Li) with a theoretical capacity of 170 mAh g-1.47 LiFePO4 material has 

several merits including long cyclability with excellent capacity retention (>1000 cycles), 

environmental friendly and low cost, therefore, it attracted a lot of attention.48-52 However, 

LiFePO4 cathode is still confronted with the drawback of poor electronic and ionic 

conductivity, which results in poor rate capability.53 Heat treatment was proved to be an 

effective way to improve the conductivity.54 Nano-techniques were also used to promote the 

rate capability of LiFePO4 cathode by enhancing Li+ ion diffusion in the olivine structure.55-
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56 More importantly, coating conductive layers, including carbon and polymer, have been 

demonstrated to be the promising strategy for improving the rate performance and 

cyclability.57-60  

A class of cathode materials called polyanion compounds were also explored by researchers. 

In polyanion compounds, the lattice positions were occupied by large (XO4)3- (X = S, P, Si, 

As, Mo, W) polyanions, resulting in stabilizing cathode structure and increasing cathode 

potential.61 Actually, the olivine LiFePO4 (LFP) material is also a representative of polyanion 

compounds cathode. Other polyanion compounds structures include LiMnPO4, LiCoPO4, 

LiNi0.5Co0.5PO4, and LiMn0.33Fe0.33Co0.33PO4.62-65 These polyanion compounds show 

attractive application, but they still face various disadvantages that need to be overcame, such 

as low conductivity, low energy density and poor stability. Notably, replacing iron with 

vanadium to form Li3V2(PO4)3 (LVP) was an efficient way for improving the rate 

performance, the LVP/C nanocomposite exhibited much better capacity retaining than LVP 

cathode at high cycling rate.66  

1.1.2.2 Conversion cathode materials 

Conversion electrode is a kind of material with crystalline structure. In lithiation and 

delithiation processes, the solid-state redox reaction happens between Li and host material, 

accompanying with the breaking and recombining of chemical bonds.10 According to 

electrochemical reaction mechanism, reversible conversion cathode materials can be 

classified into two types: 

Type A      MXz + y Li ↔ M + z Li(y/z)X                                                           Eq. 1.1 



12 

 

Type B      yLi + X ↔ LiyX                                                                                Eq. 1.2 

 

Figure 1.8 (a) Schematic of type A conversion cathode material (FeF2). (b) Schematic of 

type B conversion cathode material (S). (c) Comparison profiles of typical conversion 

cathode materials.10  

Type A conversion materials are generally metal fluorides (MF) and metal chlorides (MCl), 

including FeF2, FeF3, CuF2, CuCl2.67-68 Research of metal halides recently have become 

active because they provide high theoretical specific capacities. Whereas, MF and MCl 

usually suffer from obvious drawbacks, such as low conductivity, large volume change and 
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side reactions. To promote the conductivity, methods of nano-technique and composites with 

conductive materials are commonly used. For instance, synthesizing nanoparticles and 

mixing with CNT and graphene were proved favorable for performance improvement.69  

Type B conversion cathodes include S, Se, Te, and I.70-71 Sulfur cathode has the advantages 

of high theoretical capacity at 1675 mAh g-1 and low cost, thus a lot of investigation have 

been aroused. In the charge/discharge processes, sulfur cathode experiences the reversible 

conversion between polysulfide and element S. However, low conductivity and polysulfides 

dissolution result in poor rate performance and poor cyclability. To mitigate the dissolution 

and conductivity drawbacks, the performance of S can be improved by conductive carbon 

and polymer materials with hollow structures.71-73 Other conversion materials like Se and Te 

also provide high theoretical capacities at 1630 mAh cm-3 and 1280 mAh cm-3, respectively. 

Although the electronic conductivity of Se and Te are high than S, they also suffer from the 

same problem, the dissolution of lithiation products. Similarly, porous structures were used 

to wrap Se and Te preventing the dissolution and volume change.74-75  

1.1.2.3 Anode materials for LIBs 

Anode works as the counterpart of cathode in the lithium-ion battery to fulfil the whole 

charge/discharge procedures. Basically, anode materials for LIBs can be refer to three types 

including intercalation, alloy and conversion according to the reaction process.  

Carbon is the most important intercalation anode material. The commercialization of lithium-

ion battery was mostly attributed to the usage of carbon anode 30 years ago. Electrochemical 

activity in carbon comes from the intercalation of Li between the graphene planes, which 

offer good 2D mechanical stability, electrical conductivity, and Li transport (Figure 1.9a).76 
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The theoretical capacity of graphite at 372 mAh g-1 is based on the storage mechanism with 

up to 1 Li atom per 6 C in a reversible intercalation/de-intercalation way: 

 Li+ + C6 + e- ↔ LiC6                                                                                         Eq 1.3 

The reversible Li insertion/extraction process provides an operation potential around 0.05 V 

versus Li+/Li.77 Graphite has an attractive balance of low cost, abundance, energy density, 

and cyclability. Nano-technique can further enhance specific feature of carbon anode 

materials, thus carbon nanotubes, carbon nanofibers and graphene have attracted in depth 

investigation.77-80   

 

Figure 1.9 Schematics of two intercalation anode materials, (a) structures of lithiated 

graphite and (b) structure of lithium titanate (LTO).76,81  

With the merits of excellent thermal stability, high rate capability and long cyclability, 

Li4Ti5O12 (LTO) is another commercial intercalation anode material.82 LTO has a theoretical 

capacity of 175 mAh g-1 at 1.5 V vs. Li+/Li (Figure 1.9b).81 The phase has tiny change during 

reversible lithiation/delithiation process, resulting in the long cycling life. In addition, the 

high operation voltage of LTO can suppress the formation of SEI on the surface, this provide 

LTO with good Li+ diffusion property and outstanding rate stability.83 Unfortunately, LTO 
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has the severe gassing problem because LTO active material react with the organic electrolyte. 

Therefore, methods of surface coating with carbon and element substitution have been 

investigated to suppress the side reaction.84-85  

 

Figure 1.10 Charge/discharge profiles of anode materials.10  

The alloying materials are a variety of elements that can perform electrochemical alloying 

reactions with Li and form compound phases, of which Si, Sn, P, Zn, Pb are 

representatives.86-90 Alloy anodes have very high specific capacity, which is usually 2-10 

times higher than that of graphite for gravimetric capacity and 2-5 times higher than those of 

graphite and LTO for volumetric capacity (Figure 1.10).10 Owing to the merits including low 

delithiation voltage, lost cost, safety and stability, Si has become the most attractive alloying 

anode material.89-91 Because of their high capacity and facile preparation, P and Sb have 

received more attention recently.86-87 Although alloying anodes have outstanding advantages, 

they are all confronted with notorious volume change caused by the phase transformation 

(Figure 1.11).91 The volume expansion can reach several times larger than the initial volume 

upon lithiation, which is much more serious than intercalation anode materials. Although 
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many efforts have been made to avoid the volume expansion,92-93 the SEI layer can be 

destroyed by volume expansion, resulting in severe electrolyte consumption. Meanwhile, 

massive active material can loss, leading to poor cycling life. Several strategies have been 

explored to suppress volume change and improve the electrochemical performance of 

alloying materials. Carbon composite, reducing size and binder were helpful for stabilizing 

SEI and promoting cycling life.88-90   

 

Figure 1.11 Schematic of silicon lithiation process.91  

For conversion anode materials, metal oxides, such as CoO, CuO and Fe2O3, can react with 

Li upon the reversible conversion process.94-95 In the conversion process, Li2O is formed 

which keep active particles inside. Similar to alloying materials, conversion anodes also 

suffer from large structural change, resulting in capacity fade. Nanostructured materials have 

been demonstrated improving performance of conversion anodes by alleviating the volume 

change.94,96 

1.1.3 Li metal batteries 

At present, lithium-ion batteries are approaching their physicochemical limitation of energy 

density and specific energy. In order to fulfil emerging demands for high energy density in 

the usage of electric devices, next generation batteries with superior volumetric and 



17 

 

gravimetric capacities have been investigated. State-of-the-art LIBs can reach a gravimetric 

energy density of 260 W h kg-1, while Li metal batteries (LMBs) can offer much high specific 

energy which is compatible with gasoline (Figure 1.12).97 Of next generation battery systems, 

lithium-air battery and lithium-sulfur battery attract the most attention.  

 

Figure 1.12 Comparation of energy density for gasoline, lithium-ion battery and lithium 

metal battery.97   

1.1.3.1 Lithium-air battery 

The first rechargeable lithium-air (Li-air or Li-O2) battery using a polymer electrolyte was 

reported in 1996. Then, a carbon based MnO2 cathode was used for Li-O2 battery, 

demonstrating reversible cyclability for 50 cycles.98 Due to the high specific energy, 

numerous studies have been conducted focusing on Li-O2 batteries. Li-O2 battery consists of 
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a lithium metal foil as anode and an air-breathing skeleton as cathode (Figure 1.13). The 

electrolyte can be aqueous or non-aqueous, the air-breathing cathode is commonly made of 

open framework which provide continuous oxygen from atmosphere. Figure 1.13 shows the 

schematics of Li-O2 batteries based on non-aqueous and aqueous electrolytes. As shown in 

Eq. 1.4-1.7, the electrochemical reaction on anodes are same for both non-aqueous and 

aqueous systems, but reactions on cathodes depend on circumstance.99 In aqueous 

circumstance, the cathode reactions are shown in equation 1.5 for alkaline and equation 1.6 

for acidic system. Because of complex and expensive structure as well as the Li extreme 

activity with H2O, aqueous Li-O2 battery is believed to be unpracticable, so most attention 

have been paid on non-aqueous system which generally employing aprotic electrolyte.99-100 

The equation 1.7 shows the desired electrochemical reaction for nonaqueous system, in 

which oxygen reacts with Li+ ion accompanying with the formation of Li2O2. Also, there will 

be other reactions on oxygen electrode, which are majorly affected by the cathode material. 

Most studies related oxygen cathode focus on carbon materials, precious metals, transition 

metal oxides and non-precious metals, and their same goal aim for the effective and reversible 

catalysis of Li2O2.101-104 

Anode: 

𝐿𝑖 ↔ 𝐿𝑖+ + 𝑒−   (𝐸0 = −3.04V 𝑣𝑠 𝑆𝐻𝐸)                                                             Eq 1.4 

Cathode: 

Alkaline    𝑂2 + 2𝐻2𝑂 + 4𝑒− ↔ 4𝑂𝐻−  (𝐸0 = 3.43V 𝑣𝑠 𝐿𝑖/𝐿𝑖+)                      Eq 1.5 

Acid        𝑂2 + 4𝐻+ + 4𝑒− ↔ 2𝐻2𝑂  (𝐸0 = 4.26V 𝑣𝑠 𝐿𝑖/𝐿𝑖+)                           Eq 1.6 
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Non-aqueous 2𝐿𝑖+ + 𝑂2 + 2𝑒− ↔ 𝐿𝑖2𝑂2  (𝐸0 = 2.96V 𝑣𝑠 𝐿𝑖/𝐿𝑖+)                    Eq 1.7 

 

Figure 1.13 Schematics of (a) non-aqueous Li-O2 battery system and (b) aqueous Li-O2 

battery system. Structures of (c) non-aqueous Li-O2 battery and (d) aqueous Li-O2 battery.99  

1.1.3.2 Lithium-sulfur battery 

Lithium-sulfur (Li-S) batteries have been widely studies for decades due to the outstanding 

advantages including high energy density, abundance of elements and low cost.105-106 As 

introduced in previous section, sulfur cathode can be reduced forming metal sulfide in a 
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conversion reaction process, providing a high theoretical specific capacity of 1675 mAh g-1. 

There are several problems hindering the practical application of Li-S battery. Sulfur and the 

discharge products (Li2Sx, x=1-8) show poor ionic and electronic conductivities, resulting in 

large polarization and energy decay of battery (Figure 1.14). Moreover, Li-S battery suffers 

from shuttle effect of polysulfides, which results in poor rate capability. Also, the volume 

change upon Li uptake can form isolated S thus lead to significant capacity fade during 

cycling.105-107  

 

Figure 1.14 Electrochemistry profiles of sulfur cathode charge/discharge processes. The 

inset shows the process of polysulfide (PS) shuttle.107  

Many approaches based on chemical, engineering and materials have been developed 

improve the performance of S cathode in Li-S batteries. For instance, conductive materials 

such as carbon were usually combined with S to enhance the electric conductivity. Porous 
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and hollow matrices were fabricated to be useful for adsorbing polysulfides. And elastic 

substrates were employed to restrain the S volume variation and improve the capacity 

stability.108-111  

1.1.4 Strategies for lithium metal anode protection 

Lithium (Li) metal anodes perform an important role in high energy density LMBs due to the 

extremely high theoretical capacity (3860 mAh g-1) and the low electrochemical potential (-

3.04 V vs. SHE).112-113 However, Li dendrite is the notorious trouble obstructing the 

application of LMBs. As shown in Figure 1.15, solid electrolyte interface (SEI) can naturally 

generate on the surface of Li metal anode due to reduction of electrolyte by negative Li.114 

SEI layer can prevent Li direct contacting with electrolyte thus suppress the consumption of 

Li and electrolyte, but the natural SEI is fragile and easily break. During Li plating process, 

the cracks form on SEI layer because of the Li volume expansion. With further plating, 

ramified Li called dendrite can generate from the cracks because the crack exposed sites 

provide better electronic conductivity and stronger electric field.  In the followed stripping 

step, dendrite break from matrix forming isolated Li, the isolated Li is named ‘dead Li’ 

because they cannot be reused. With continuous cycling, the accumulated dead Li contribute 

to the porous texture and the thick SEI, resulting in the increasing resistance and the active 

material loss.115 Furthermore, Li dendrite may penetrate the separator and short circuit battery 

leading to severe safety issue. In order to suppress Li dendrite, a variety of strategies have 

been developed, such as, creating lithiophilic property, constructing three-dimensional 

structures and fabricating protective layers.   
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Figure 1.15 Schematics of Li plating/stripping process.115 

1.1.4.1 Lithiophilic sites 

Lithiophilic property was named referring to hydrophilic property, which means Li tend to 

perform plating on substrate with such property. It is believed that lithiophilic property can 

reduce Li nucleation barrier through enhancing Li wetting with matrix, thus resulting in 

dendrite alleviation. Researchers have compared the plating behaviors of Li on different 

substrates, including Au, Ag, Zn, Mg, Al, Pt, Si, Sn, C, Cu and Ni.116 Large Li nucleation 

overpotential was found on Cu substrate (Figure 1.16), which was thought to be the reason 

of Li dendrite generation on commercial Cu foil. The same nucleation overpotential were 

also observed on Ni, C, Sn and Si materials, meaning Li dendrite were common on these 

substrates. Whereas, zero nucleation overpotential was observed when Li plated on Au, 

demonstrating the lithiophilic character of Au material. The lithiophilicity advantage was 

also found on other materials, such as Ag, Zn and Mg. Actually, the advantage of Au for 

absorbing Li deposition was clearly proved as Li plating on an Au/Cu composite (Figure 

1.17). And the electrochemical performance of Li metal anode was greatly improved with 

the usage of Au decorated substrate. Therefore, the merit of lithiophilic sites were 

demonstrated to be an effective way for Li dendrite suppression.  
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Figure 1.16 Voltage profiles of Li plating on different materials.116 

 

Figure 1.17 Voltage profiles of Li plating on different materials.116 

Similarly, other materials with lithiophilic property were explored to improve the cyclability 

and Coulombic efficiency of Li metal anode. For example, substrates with lithiophilic sites 

(Zn, Sn, Mg, Ag) were fabricated to stabilize Li dendrite growth and improve Coulombic 

efficiency.117-121 Moreover, metal oxide, 2D material and MOFs were demonstrated 

possessing lithiophilicity merit, which helped to suppress Li dendrite and promote the cycling 

life.122-125  
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1.1.4.2 Three-dimensional structures 

 

Figure 1.18 Illustration of Li deposition on (a) planar current collector and (b) 3D current 

collector. (c) Side view SEM image and (d) AFM height image of Li depositing on the 3D 

Cu foil.126 

Current density is an important factor influencing Li plating behavior, it is recognized that 

lower current density is favorable for alleviating Li dendrite growth. A 3D Cu foil fabricated 

by growing Cu nanowires was utilized to investigate the plating behavior of Li metal. As 

shown in Figure 1.18, 3D Cu foil has larger surface area comparing with planar Cu foil, 

which is beneficial for Li plating at lower current density and a more uniform electric field. 

In addition, the porous framework can provide more interspace to accommodate Li 

deposition. As a result, Li metal anode exhibited a long cycling life on 3D Cu foil with 
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effectively controlled Li dendrite. Meanwhile, the 3D structure shown great accommodation 

of Li with a high capacity of 2 mAh cm-2.126  

Based on the above mechanism, researchers explored the Li deposition behavior on more 3D 

frameworks, such as graphene, nickel, MXene and carbon nanotubes.127-132 These skeletons 

exhibited the similar advantage for constraining Li deposition inside and improving cycling 

stability. In addition to conductive materials, nonconductive structures like polymers were 

investigated for Li plating. Due to the low electric conductivity, molting Li method was used 

to introduce Li in the initial step.133 Benefited from the 3D framework and effective 

attachment with molten Li, these structures also shown improved cyclability and enhanced 

voltage profiles.134  

1.1.4.3 Protective layers 

Since the natural SEI layer is too frail to prevent the generation of Li dendrite, researchers 

put forward the strategy of building protective layers on the surface of Li metal anode.135 On 

one hand, the artificial layer has enough mechanical strength which help to suppress Li 

dendrite growth. On another hand, separation can be established between electrolyte and 

metal anode, which can effectively restrain the consumption of electrolyte and Li metal 

caused by direct contact. As shown in Figure 1.19, a protective layer was fabricated with 

interconnected hollow amorphous carbon nanospheres. This layer has the desired advantages 

including chemical stability, mechanical rigid and high flexibility, which made it to be the 

ideal artificial SEI for Li metal anode protection. Li metal deposition took place underneath, 

thus contributing to improved Coulombic efficiency and cycling life with effectively 

suppressed Li dendrite.136 In the same way, other artificial layers were developed to protect 
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Li deposition, for example, graphene, carbon nanotubes and other materials were used to 

fabricate the beneficial layers.137-140  In addition, a large amount of organic materials were 

applied to construct the protective layers. Due to the excellent mechanical strength and 

flexibility, these artificial membranes exhibited obvious advantages on Li dendrite 

suppression and electrochemical performance promotion.141-146   

 

Figure 1.19 (a) Schematics of Li deposition with the protection of artificial layer. (b) SEM 

image of protective layer made of interconnected hollow carbon nanospheres. (c) Improved 

voltage profiles of the Li deposition/dissolution process with the protective layer.136  
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1.1.4.4 Other protective strategies 

Except the above mentioned, many other methods have been employed to suppress Li 

dendrite formation. For example, the nonconductive interlayer with regular channels can 

guide homogeneous Li+ flux, leading to uniform Li deposition with effective Li dendrite 

suppression.147-149 Also, the modified separators with coating materials have been 

demonstrated to facilitate Li plating/stripping, thus resulting in improved cycling life and 

enhanced Coulombic efficiency of Li metal anode.150-154 Remarkably, the electrolyte 

engineering using high concentration electrolyte (7M LiTFSI in DME/DOL) demonstrated 

the effective suppression for Li dendrite and achieved excellent cycling stability of Li-S 

battery.155 Furthermore, a variety of electrolyte additives, such as LiNO3, LiF and FEC, were 

found favorable for robust SEI formation and Li nucleation modification, which contributed 

to uniform Li deposition and improved cycling performance with effective Li dendrite 

suppression.156-160  
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1.2 Sodium Batteries 

Essentially, sodium-ion battery (SIB) has the same structure and components as lithium-ion 

battery (LIB), except that the sodium ions replace the lithium ions. In a common SIB, cathode 

and anode are made of two sodium insertion materials, between which a electrolyte-

permeable separator allowing Na ion penetration (Figure 1.20).161 Recently, investigation of 

SIBs have witnessed a remarkable growth due to the very low cost in comparation with LIBs. 

As shown in Table 1.1, the Na material cost (carbonates) is only 3% of that of Li material 

(carbonates), which provide SIB with great advantage of cost efficiency. However, Na+ ions 

have larger ionic radii (1.8 Å) than that of Li+ ions (1.45 Å), which endue SIBs with dissimilar 

reaction mechanisms of cathode and anode, and the principles for searching materials for 

SIBs is different from LIBs. Whereas, the same criteria, including specific capacity, 

Coulombic efficiency, cycling life and working voltage, are still suitable for evaluating the 

electrochemical performance of SIBs materials.  

 
Figure 1.20 Schematic illustration of Na-ion battery.161 
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Table 1.1 Comparison of properties for sodium and lithium162-164 

Property Sodium Lithium 

Cation radius, Å 1.8 1.45 

Atomic weight, g mol-1 23 6.9 

E° vs. SHE, V -2.7 -3.04 

Melting point, °C  97.7 180.5 

Capacity, metal, mAh g-1 1166 3860 

Cost, carbonates, per ton $150 $5000 

Anode cost with current 

collector, per ton  

$2000-2500, Al $7000-8500, Cu 

1.2.1 Cathode and anode materials for sodium-ion batteries 

Figure 1.21 summarizes the information of working voltages and specific capacities of 

cathode materials for SIBs.165 Generally, SIBs cathode materials can be classified into three 

types: layered oxides, polyanions oxides and Prussian Blue. 
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Figure 1.21 Cathode materials for sodium-ion batteries.165  

1.2.1.1 Layered oxides cathode materials  

Layered oxide cathode materials are mostly studied for SIBs. As shown in Figure 1.22, the 

layered oxides structure is commonly made of edge-sharing MeO6 octahedral sheets (Me = 

3d transition metals), in which MeO6 octahedra stacking along the c-axis direction and Na 

ions occupying between the MeO2 layers.161 Accordingly, sodium-based layered oxide 

materials are categorized into two main groups, O3-type and P2-type, where Na ions are 

accommodated at octahedral sites for O3-type and prismatic sites for P2-type, respectively 

(Figure 1.22). The O and P indicate octahedral and prismatic sites coordinating with Na ions, 
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and 3 and 2 means the packing number of Na ions layers within each unit cell.166 Three 

different MeO2 layers (AB, CA, and BC layers) are used to describe the crystal lographical 

unit cell in O3-type NaMeO2, and two MeO2 layers (AB and BA layers) in P2-type NaMeO2 

(Figure 1.22).  

 

Figure 1.22 The illustration of O3-type and P2-type NaMeO2.161 

In general, phase transitions can be induced when Na ions extract from O3-type and P2-type 

phases. When Na ions are partly extracted from the O3-type phase, Na ions become 

energetically stable at prismatic sites, accompanying with the formation of vacancies.167-168 

As a result, oxygen packing changes from “AB CA BC” to “AB BC CA”, and the O3-type 

phase transform into a P3-type phase (Figure 1.22). When partial Na ions are extracted from 
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the P2-type phase, the layered oxides change into O2-type phases. For instance, the O3-type 

NaMnO2 exhibits stepwise voltage profiles during Na insertion/extraction processes, 

indicating the pronounced phase transitions.169 

P2-type Na2/3Mn1/2Fe1/2O2 system is one of the most promising layered oxide cathode 

materials for SIBs, due to the relatively low cost and the material availability.170-171 P2-

Na2/3Mn1/2Fe1/2O2 delivers a reversible capacity of 190 mAh g-1 in SIBs with the 

electrochemical conversion of active Fe3+/Fe4+ redox couple. However, there is a major 

drawback of poor capacity retention for P2-Na2/3Mn1/2Fe1/2O2 material due to structural 

transitions.171 Method of doping cations, such as Li, Cu was applied to improve the cycling 

performance of sodium-ion batteries.172-174 

1.2.1.2 Polyanions oxides cathode materials  

Polyanion oxides are another type of cathode material, they have diverse stable structures 

with low-energy Na+ ions pathway.175-176 The operation voltage can be easily tuned by 

modifying the local circumstances of polyanions. Furthermore, the polyanionic compounds 

have better thermal and oxidative stabilities for high charging voltages owing to the robust 

covalent structures. A typical polyanionic cathode is NaFePO4, which can be prepared by 

exchanging Li+ ions with Na+ ions in LiFePO4. In comparison with olivine type LiFePO4, 

NaFePO4 has better thermal stability benefited by the maricite structure. In this structure, Na+ 

ion and Fe2+ ion occupy the opposite sites comparing with that in olivine LiFePO4 (Figure 

1.23).161,177 Different from LiFePO4, the practical capacity of NaFePO4 is poor because of 

the low electronic conductivity and the limited Na+ ion diffusion channels.175  
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Therefore, a more promising NASICON-type polyanionic compounds possessing large 

channels for swift conduction of Na+ ions have been explored as the cathode material of 

SIBs.178 The typical NASICON type material of Na3V2(PO4)3 was first developed delivering 

a reversible capacity of 140 mAh g-1 associated with the conversion of V4+/V3+ redox couples, 

but the cycling stability is poor.179 Then, carbon coating was employed to promote the 

electrochemical performance for Na3V2(PO4)3 material, which exhibited a capacity of 93 

mAh g-1 with the voltage plateau at 3.4 V vs. Na+/Na.85 Furthermore, a new class of structural 

compositions were developed by combining F- ions with phosphates, such as Na3V2(PO4)2F3 

and NaV(PO4)F. which offer a higher operation voltage benefited by the strong inductive 

effect of the fluorine element. For example, Na3V2(PO4)2F3 materials were reported with a 

high capacity of 120 mAh g-1 and the highest average voltage of 3.95 V depending on the 

redox couple of V4+/V3+.180-181  

 

Figure 1.23 Crystal structures of (a) LiFePO4 and (b) NaFePO4.161 
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1.2.1.3 Prussian blue cathode materials 

 

Figure 1.24 Framework of Prussian blue analogues.182  

Prussian blue analogues (PBAs) materials were also investigated as cathodes for SIBs. PBAs 

has an open cubic structure with Fe2+ ions and Fe3+ ions sitting on alternate corners of iron 

octahedra bridged by cyano (C≡N)- ligands (Figure 1.24).182 The pioneering work was 

conducted by Goodenough’s group, demonstrating the reversible insertion/extraction of Na 

with a capacity of 100 mAh g-1 based on the conversion of Fe(CN)6 3+/Fe(CN)6 4+. 

Furthermore, the coating method was reported to fabricate nano-sized Na4Fe(CN)6/C 

composite, which provided batteries with good rate performance.183 Although PBAs 

materials present excellent electrochemical properties and low-cost properties, while their 

precursors are toxic and the influence of producing processes on environment remains 

unclear.163 
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1.2.1.4 Anode materials for SIBs 

 

Figure 1.25 Anode materials for sodium-ion batteries.165  

Different from Li+ ions, Na+ ions cannot be inserted into the graphite layer, which may be 

related to thermodynamic issues.163 Up to date, anode materials for SIBs are identified on 

three different categories, which involve carbonaceous materials, oxides compounds with 

insertion property, oxides compounds with conversion reaction and alloying elements 

( Figure 1.25).161  

The carbonaceous anode for SIBs with reversible capacity was first reported by Doeff using 

a soft carbon obtained by pyrolysis of petroleum cokes.184 While, because of the 

decomposition electrolyte on the surface of soft carbon, a large irreversible capacity was 
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found at the first cycle. Then, another disordered carbon material, hard carbon, was reported 

by Dahn for the Na+ ions insertion capability.185 The hard carbon electrode delivered a 

capacity of 300 mAh g-1 with Na+ ions inserting between graphene layers and nanopores 

reversibly (Figure 1.26). In order to further improve the cycling performance of carbonaceous 

anode, explorations on electrolyte, additive (FEC) and binder were devoted, and distinct 

capacity retention were achieved.186-188  

 

Figure 1.26 Na+ ions insertion between graphene layers and nanopores of hard carbon.185 

Among oxides compounds with insertion property, TiO2 is well known for the alkali metal 

intercalation at low voltage with reductive character of Ti3+. Related research demonstrated 

the reversible capacity of 150 mAh g-1 for TiO2 as sodium anode material, and the 

micrometer-sized TiO2 was found having better performance than nanosized sample due to 

the enhanced adsorption of electrolyte in larger TiO2.189-190 Furthermore, the titanium 

derivative Na2Ti3O7 was investigated as the host material for Na insertion, and the 

Na2Ti3O7/C composite electrode exhibited a large capacity (177 mAh g-1) with small capacity 

fade.191 However, oxides compounds anode has the same problem of large irreversible 

capacity in the initial cycle, which is ascribed to the film formation at the surface of TiO2.  
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Oxides compounds with conversion reaction have been demonstrated to be useful for Na 

storage as anode material.163 Similar to the reaction in LIBs, the chemical transformation of 

atomic species into the host lattice accompanying with the formation of new compounds was 

involved in Na conversion reaction. A variety of metal oxides, such as iron oxides (Fe3O4, 

Fe2O3), cobalt oxides (Co3O4), tin oxides (SnO, SnO2) and copper oxide (CuO), have been 

studied as Na conversion hosts.192-194 For example, the CuO/C composite was fabricated for 

sodium anode material, which exhibited a high capacity of 400 mAh g-1 with superior rate 

capability.192 

Elements in group 14 and 15 can form binary compounds with Na, recent studies have 

explored the possibility of constructing sodium anode electrodes by alloying or forming 

binary compounds with these materials (Figure 1.27).161 Alloying reaction can contribute to 

a large amount of Na interaction, resulting in a much higher capacity than carbonaceous and 

insertion anodes. For example, antimony was demonstrated with large reversible capacity of 

631 mAh g-1 according to formation of Na3Sb.195 In addition, amorphous phosphorus/C 

composites were reported to deliver a high capacity of 1800 mAh g-1 with good cycling 

performance.196 Whereas, alloying anodes suffer from severe volume changes caused by the 

Na insertion process. And several strategies have been developed to overcome this problem, 

including binders, electrolyte additives, preparation of nanoarchitectured samples.197-198 
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Figure 1.27 (a) Elements to form binary compounds with Na. Schematic illustrations of the 

most Na-alloying phases with (b) Si and Ge, (c) Sn and Pb and (d) P, As, and Sb.161  

1.2.2 Na metal batteries 

1.2.2.1 Sodium-sulfur battery 

As shown in Figure 1.28, typical high-temperature sodium-sulfur battery (Na-S) is composed 

of molten sodium as the anode within a sodium Beta-alumina tube which is surrounded by 

molten sulfur as the cathode.199 During discharge process, the oxidized sodium ions pass 

through the Beta-alumina electrolyte and react with sulfur at the cathode side, accompanying 

with the electrons flow through the external circuit. Related reactions reverse under the 
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external power drive in charge process. The overall reactions of Na-S battery are described 

in Eq 1.8-1.10.200 Initially, a two-phase region exists at 2.075 V between sulfur and sodium 

polysulfide (Na2S5). The use of light elements, Na and S, endows the Na-S system with high 

volumetric energy density of 2584 Wh l-1, making them suitable storage batteries. However, 

the high operating temperature (~300 °C), sophisticated system, high manufacturing costs 

and safety issues limited the market share of these high-temperature systems.201 Therefore, 

recent research aim at room-temperature  Na-S batteries that can offer great promise as low-

cost, high capacity energy as well as reliable safety. Room-temperature Na-S batteries 

employ conventional separators and organic electrolytes containing sodium salts such as 

NaPF6, and a porous conductive carbon to contain the sulfur at the positive electrode.202 

Although room-temperature Na-S batteries have a high theoretical gravimetric capacity of 

1675 mAh g-1 based on full reduction to Na2S, several barriers are hindering their practical 

application, and Na dendrite is one of the most severe problems.203  

(Anode) 2Na ↔ 2Na+ + 2e-                                                                                  Eq 1.8 

(Cathode) xS + 2e- ↔ Sx
2-                                                                                    Eq 1.9 

(Overall cell) 2Na + xS ↔ Na2Sx, E = 2.08–1.78 V                                            Eq 1.10 
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Figure 1.28 Schematic of typical high-temperature sodium-sulfur battery.199  

1.2.2.2 Sodium-air battery 

Analogous to lithium-air battery, sodium-air batteries (Na-air or Na-O2) consist of the 

metallic Na anode and the cathode employing porous carbon or porous metal for O2 

reduction.200 During charge/discharge processes, oxygen oxidation and reduction are favored 

by the catalyst that disperse on the porous matrix. The potentials for reactions of sodium with 

oxygen are shown in Eq 1.11-1.13.200 The research on Na-O2 are still in the infancy stage, 

herein, more studies are needed to solve the problems relating with catalyst and Na dendrite 

generation. 

Na+ + O2 + e- ↔ NaO2          E = 2.263 V                                                            Eq 1.11 

2Na+ + O2 + 2e- ↔ Na2O2     E = 2.330 V                                                            Eq 1.12 
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4Na+ + O2 + 4e- ↔ 2Na2O     E = 1.946 V                                                            Eq 1.13 

1.2.3 Strategies for sodium metal anode protection 

Recent researches have great interest on the Na metal anode, because it has high theoretical 

specific capacity (1166 mAh g-1) and low electrode potential (-2.71 V vs standard hydrogen 

electrode, SHE).203 New rechargeable Na-metal-based batteries, such as room-temperature 

sodium-sulfur (Na-S) batteries and room-temperature sodium-air (Na-O2) batteries exhibit 

potentials for developing high-energy and low-cost energy storage systems. However, there 

are still critical issues need to be addressed, the Na dendrite is one of the toughest troubles. 

Similar to the Li protection, the strategies for Na metal anode protection can be categorized 

into several subjects, including sodiophilic sites, 3D porous structure and interface 

engineering.  

1.2.3.1 Sodiophilic sites 

Sodium plating onto current collector, such as Cu foil, is a heterogeneous electrodeposition 

process, which may cause large nucleation overpotential. When introducing sodiophilic sites, 

the Na nucleation can be favored by the strong bindings between Na with substrates, thus 

leading to uniform Na deposition with the effective suppression of Na dendrite. As the recent 

work illustrated, the siodiophilic property of Cu foil was promoted after the Au layer was 

sputtered onto the Cu surface. A higher binding energy with Na was observed on Au-Na alloy 

layer. And the nucleation sites were greatly increased benefiting Na deposition. 

Consequently, the uniform and dense Na layer was obtained associating with Na 

plating/stripping with an outstanding Coulombic efficiency.204 In a parallel work, metallic 
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Sb NPs on the substrate acted as sodiophilic sites to guide Na nucleation, then decreasing the 

Na nucleation overpotential and resulting in uniform Na deposition.205 Furthermore, the 3D 

carbon nanotube network with oxygen functional groups was proven to have strong 

sodiophilc property, which guided initial Na metal nucleation and rendered sodium anodes 

exhibiting an excellent capacity of 1078 mAh g-1.206 

 

Figure 1.29 Schematic diagram of Na plating on Cu and Cu@Au substrate.204 

1.2.3.2 3D porous structure 

To overcome the volume change during the repeated plating/stripping of Na, 3D porous hosts 

have been introduced to accommodate the deposited Na. For example, the reduced graphene 

oxide (rGO)-based Na anodes were developed to improve the cyclability of Na metal anode, 

which further contributed to the large capacity and the high energy density.207 In addition, a 

3D porous structure of Cu foam copper with nanowires (CuNW-Cu) was fabricated to 
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enhanced the performance of Na metal batteries, such structure not only offered sufficient 

nucleation sites, but also reduced the local current density for uniform charge distribution, 

thus inducing long life-span and high Coulombic efficiency.208 Also, the novel carbonized 

wood was processed with molten Na to form Na-wood electrode, 3D channels lowered the 

effective current density leading to uniform Na nucleation, thus effectively restricted the 

volume change. Consequently, the Na-wood composite anode exhibited stable cycling 

performance with flat plating/stripping profiles.209 

 

Figure 1.30 Schematic illustration of the Na plating processes on planar Cu foil and Cu NW-

Cu substrate.208 

1.2.3.3 Interface engineering 

Sodium dendrite can be alleviated by covering artificial SEI onto the surface of Na anodes. 

For instance, when Na anode was protected with a thin layer of NaBr, a low diffusion barrier 

was observed on the NaBr-coated Na metal anode, which was beneficial for uniform Na 

plating. Furthermore, the compact artificial SEI not only restricted the generation of ramified 

Na but also prevented side reactions, therefore, NaBr-protected Na metal anodes exhibited 

stable cyclability for more than 250 h in symmetric cells testing.210 In addition, atomic layer 
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deposition (ALD) and molecular layer deposition (MLD) techniques were applied to 

fabricate thin-film protective layer, which was favorable for Na dendrite suppression and 

cycling performance promotion of Na metal anodes.211 A series of 2D materials were also 

examined as artificial SEIs to protect metallic Na anodes. For instance, a thin graphene film 

(≈5  nm in thickness) was fabricated to suppress Na dendrite growth, contributing to a stable 

cyclability over 100 cycles for Na metal battery in carbonate electrolyte.212 

 

Figure 1.31 Schematic illustration of the stabilization of the Na metal anode by PEALD 

Al2O3 coating.211 
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1.2.3.4 Other strategies 

In addition to the methods above-mentioned, a variety of strategies have been demonstrated 

useful for Na metal anode protection. For electrolyte engineering, researchers found the 

ether-based electrolytes were more compatible for Na-based batteries.213 Besides, a new class 

of high-concentration electrolytes (HCE) consisting of 5 M sodium bis(fluorosulfonyl)imide 

in 1,2-dimethoxyethane were applied to achieve the high Coulombic efficiency (≈99%) of 

repeated plating/stripping of Na-ion/Na.214 Also, adding a small amount of additive (1 wt% 

fluoroethylene carbonate (FEC)) to electrolyte contributed to stable plating of Na with 

improved cycling performance.215 Moreover, a N, S co-doped carbon nanotubes interlayer 

(NSCNT) was used to guide the initial Na nucleation and direct uniform Na deposition, 

leading to a long cycling performance with high Coulombic efficiency in Na-O2 battery.216  
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CHAPTER 2 METHOD AND EXPERIMENT 

2.1 Overview 

In order to fulfil research goals with sufficient and effective electrochemical results, I utilized 

various techniques to prepare material accompanying with material characterization and 

electrochemical measurement by abundant facilities. Based on material characterization and 

electrochemical measurement, I did in depth data analysis with the help of specific software. 

Actually, the method and experiment section is not a linear procedure but an integrate units 

consisting of interconnected parts. As shown in Figure 2.1, three parts combine with each 

other composing a rotary framework.  

 

Figure 2.1 Framework of the method and experiment. 

In detail, the method and experiment section are composed of three parts:  
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1) Material preparation. In this part, solid state reaction, liquid state reaction and high 

temperature reaction were involved. Generally, these techniques were used to obtain 

materials with expected morphology, specific character and useful property.  

2) Material characterization and electrochemical measurement. This part is in the sequence 

following material preparation part. Plenty of facilities were employed to characterize the 

obtained materials and measure the corresponding electrochemical performances. This 

part interconnect with previous part, on one hand, this part helps to check whether 

materials have the expected morphology, specific character and useful property, on 

another hand, the sufficient work in the first part is favorable for material characterization 

and electrochemical measurement. 

3) Data analysis. Based on solid work in previous parts, I used specific software to analyze 

the related data in order to approach in depth understanding. In addition to the necessary 

data processing procedure, this part contributed to uncovering the mechanism behind 

electrochemical performances. Undoubtedly, this part is not the final one, in contrary, 

modification of material preparation was on the basis of efficient data analysis.  

Also, plentiful chemicals were used to finish material preparation. In Table 2.1, I summarized 

the related chemicals applied in this research work.  

Table 2.1 Chemicals applied in this doctoral work 

Chemicals Formula Purity Supplier 

Carbon black C 100 % Sigma-Aldrich 

Graphite (natural flakes) C 99 % Sigma-Aldrich 

Copper foil Cu 99% MTI Kejing Co. 

Lithium metal Li 99.9% Hohsen Co. 
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Chemicals Formula Purity Supplier 

Sodium metal Na 99.5% Sigma-Aldrich 

Sodium hydroxide NaOH 98% Chem supply 

Sodium bicarbonate NaHCO3 99.7% Sigma-Aldrich 

Sodium carbonate Na2CO3 99.5% Sigma-Aldrich 

Copper (II) nitrate hydrate Cu(NO3)2·xH2O 98% Sigma-Aldrich 

Manganese nitrate tetrahydrate MnCl2·4H2O 97 % Sigma-Aldrich 

Potassium permanganate KMnO4 99 % Sigma-Aldrich 

Hydrochloric Acid HCl 36 % Sigma-Aldrich 

Nitric acid HNO3 68 % Sigma-Aldrich 

Sulfuric acid H2SO4 98% Chem supply 

Phosphoric acid H3PO4 85% Sigma-Aldrich 

Hydrogen peroxide solution H2O2 50 % Sigma-Aldrich 

Hydrazine monohydrate NH2NH2·H2O 35% Sigma-Aldrich 

Bis(trifluoromethane)sulfonimide 

lithium salt 

CF3SO2NLiSO2CF3 99% Sigma-Aldrich 

Lithium hexafluorophosphate LiPF6 98% Sigma-Aldrich 

Lithium nitrate LiNO3 99% Sigma-Aldrich 

Lithium titanate Li4Ti5O12 99% BTR.Co 

Sodium hexafluorophosphate NaPF6 98% Sigma-Aldrich 

Ammonium metavanadate NH4VO3 99% Sigma-Aldrich 

Ammonium phosphate 

monobasic 

NH4H2PO4 98.5% Sigma-Aldrich 

1,3-dioxolane C3H6O2 99% Sigma-Aldrich 

1,2-dimethoxyethane CH3OCH2CH2OCH3 99.5% Sigma-Aldrich 

Ethylene carbonate (CH2)2CO3 99% Sigma-Aldrich 

Propylene carbonate C4H6O3 99.7% Sigma-Aldrich 

Dimethyl carbonate (CH3O)2CO 99% Sigma-Aldrich 

Diethylene glycol dimethyl ether (CH3OCH2CH2)2O 99.5% Sigma-Aldrich 

Ethanol CH3CH2OH 95% Chem Supply 
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Chemicals Formula Purity Supplier 

N-methyl-2-pyrrolidone C5H9NO 99.5% Sigma-Aldrich 

Ethylenediamine NH2CH2CH2NH2 99% Sigma-Aldrich 

Polypropylene separator (C3H6)n 100% Celgard 

Poly(vinylidene difluoride)  (CH2CF2)n 99% Sigma-Aldrich 

Carboxymethyl cellulose sodium 

salt 

C8H15NaO8 99% Sigma-Aldrich 

2.2 Material Preparation 

2.2.1 Solid state reaction  

Solid state reaction is a method that synthesizing materials with the direct reaction of mixed 

solid resources, this method is widely utilized for preparing a large amount of solid materials. 

Usually, this method is combined with other methods, such as, high temperature treatment, 

to obtain the final materials with expected morphology and property. In general, the facile 

solid state reaction is a key step in the material preparation process. In this doctoral work, the 

solid state reaction was mostly involve in solid material mixing which is a pretreatment for 

following steps.  

First of all, in order to avoid the side reaction, the reagents must be purified and dried 

thoroughly, which was achieved by vacuum oven. For some sensitive or evaporative 

materials, such as, sulfur and copper nanowires, the temperature control and air-tight seal is 

very important. In the mixing step, reactants must be weighted carefully according to 

product’s nature. Also, the ratio of reagents must be controlled accurately according to 

reaction formula, because this parameter is crucial for the correct products. A suitable 

container, such as, mortar and pestle, is need for mixing the reactants effectively. In order to 



50 

 

mix reactants efficiently, sufficient solvent may be introduced in the solid mixture, which 

include ethanol and N-methyl-2pyrrolidone. After mixing, the materials should be sealed or 

kept in glove box to eliminate contamination or oxidation.  

In this doctoral work, solid state reaction method was used to prepare the cathode materials, 

such as Na3V2(PO4)3 (NVP) cathode material. 

2.2.2 Liquid phase reaction 

The liquid phase reaction is a useful method to synthesize various materials that cannot 

achieved by solid state reaction. Due to the reaction limitation in atomic level, solid state 

reaction, especially mixing, is mostly applied as an auxiliary tool. Obviously, liquid phase 

reaction can be employed in a wide range of material synthesis because of the sufficient 

reaction in a solvent. The liquid phase reaction is particularly suitable for synthesizing good-

quality crystals with well-controlled composition. Generally, liquid phase reaction is a 

common method which compose varieties of techniques. In this doctoral work, we used 

specific techniques including solution reaction, hydrothermal reaction and reflux reaction. 

Also, in order to activate or accelerate the reaction, a fixed temperature should be researched.  

We should determine the suitable solvent for liquid phase reaction in the first step. According 

to the nature of reagents, organic solvent or water is chosen as the reaction circumstance. For 

example, copper nanowires is synthesized from the copper source Cu(NO3)2, the 

crystallization directing agent ethylenediamine (EDA) and the reducer hydrazine in an alkali 

solutions. Therefore, NaOH solution was beforehand prepared with DI water and specific 

amount of NaOH. Besides, the graphene oxide was synthesized in the acid solution 

containing H2SO4 and H3PO4. The abovementioned reactions were completed in aqueous 
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circumstance. Whereas, in the process of synthesizing LiFePO4 (LFP) cathode material, an 

organic solvent ethylene glycol was used to fulfil the reaction. In addition, a mixture of 

organic and aqueous is another choice for liquid phase reaction. For instance, Na3V2(PO4)3 

(NVP) cathode material was synthesized using a sol-gel method which based on DI water 

and ethyl alcohol mixture solution.  

The solution reaction is a facile method without heating or cooling treatment. For the 

synthesis of MnCO3 microsphere template, solution reaction was utilized. In specific, 

NaHCO3 and MnCl2 were simply mixed in aqueous solution under stirring, then the mixture 

was kept for aging. After the reaction finish, MnCO3 microsphere template was easily 

obtained followed by filtration, washing and drying. While, in other situation, high 

temperature treatment is necessary, therefore, we need to use oil bath and hydrothermal 

technique. For instance, copper nanowires synthesis was conducted at 60 °C in oil bath, 

graphene oxide was synthesized at 50 °C using reflux technique, LiFePO4 (LFP) cathode 

material was synthesized at 180 °C  using hydrothermal technique, Na3V2(PO4)3 (NVP) 

cathode material synthesis was conducted at 80 °C  under vacuum.  

Specifically, hydrothermal technique is an important method for material synthesis due to 

the advantages in the growth of homogeneous nanoparticles. Actually, hydrothermal reaction 

is fulfilled at specific high temperature and pressure using an autoclave device. The autoclave 

device consists of stainless steel hull and polytetrafluoroethylene (PTFE) container. At high 

temperature, a high pressure can form because of evaporation of water or organic solvent, 

this situation is necessary for particular crystallization reaction. For LiFePO4 (LFP) cathode 
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material synthesis, the reaction process was completed at 180 °C  for 12 hours using an 

autoclave.  

2.2.3 High temperature reaction 

As discussed in above sections, high temperature reaction is essential for material preparation. 

In some situation, high temperature treatment was carried out with solid state reaction or 

liquid phase reaction simultaneously. For instance, in the synthesis process of LiFePO4 (LFP) 

cathode material, high temperature reaction and liquid phase reaction combined with each 

other at same time in hydrothermal treatment. In the sol-gel reaction process of Na3V2(PO4)3 

(NVP) cathode material, the formation of gel was accompanied with solvent evaporation by 

high temperature treatment.  

In addition, the final cathode materials including LiFePO4 and Na3V2(PO4)3 were obtained 

by the calcination treatment. The calcination treatment actually accelerated the movement 

and reaction of elemental atoms in high temperature circumstance. As a result, the expected 

products were synthesized according to specific chemical formula. In detail, LiFePO4 (LFP) 

cathode material was obtained after 700 °C  calcination, Na3V2(PO4)3 (NVP) cathode material 

was obtained after 750 °C  calcination.  

Furthermore, annealing is another important technique for high temperature treatment. In 

specific, copper nanowires were annealed at 300 °C  and 600 °C  to enhance the mechanical 

strength, graphene oxide film was treated by annealing at 600°C  to obtain the reduced 

graphene oxide sample. The annealing process not only favor the strength improvement, but 

also help to shape the sample. The structures of copper nanowire electrode and reduced 

graphene oxide electrode were well maintained after annealing.  
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2.3 Material Characterization 

2.3.1 Optical microscopy  

The optical microscopy is usually used to observe the morphology and character of samples. 

Because of the limitation of light wavelength, the image resolution obtained by optical 

microscopy is above micrometer level. While due to the facile operation and low demand for 

sample preparation, the morphology and character of samples can be quickly observed 

through optical microscopy. Moreover, benefited with the camera, we can record the changes 

during observation, this a very helpful tool to visualize the important reaction process. In this 

doctoral work, I used an optical microscopy (OLS-4000 OLYMPUS) equipped with camera 

to observe and capture the profiles of specimen. The following picture shows the facilities 

schematic for lithium nucleation observation using in situ optical microscopy in chapter 4.  

 

Figure 2.2 Facilities schematic for in situ optical microscopy measurement. 
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2.3.2 Atomic force microscopy 

Atomic force microscopy (AFM) is usually utalized to obtain the mechanical property and 

topography information of specimen by measuring the force between the probe and the 

sample. In force measurement, AFM can perform the force-distance spectroscopy, which 

further be used to measure the mechanical properties, such as, Young’s modulus and stiffness. 

In topography measurement, the three-dimensional detail of sample surface can be imaged 

through cantilever probing the forces at a high resolution. In this doctoral work, we used a 

non-contact model to measure the topography and mechanical property of sample using an 

AC160TS cantilever with the force constant of 26 N m-1. The Young’s modulus were 

estimated in XEI program based on the extend curves. 

2.3.3 Scanning electron microscopy 

The scanning electron microscopy (SEM) is a useful technique for investigating the 

morphology of samples. Basically, the high-energy beam is generated from the electron gun 

by applying accelerating voltage, this electron beam is controlled scanning samples. The 

morphology images can be obtained by collecting the reflection electrons from the sample. 

To prepare samples, free-standing sample is directly mounted onto sample holder, powder 

sample can be directly mounted onto sample holder or dispersed in ethanol solution then 

dropped onto silicon plate. All samples should be thoroughly dried before transferring in 

SEM chamber. For nonconductive sample, coating a thin layer of Au or C is helpful for 

obtaining clear images. In addition, the SEM machine is usually equipped with elemental 

analysis auxiliary energy dispersive X-ray spectroscopy (EDX), which is used to obtain the 

composition information of sample. In this doctoral work, a field emission scanning electron 
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microscopy (Zeiss Supra 55VP) equipped with Oxford energy dispersive spectroscopy was 

used to observe the morphology and analyze the composition of samples. The accelerating 

voltage range was 5-20 kV.  

2.3.4 Transmission electron microscopy 

The transmission electron microscopy (TEM) is a technique to image the hierarchical 

structure of samples. Similar to SEM, TEM has an electron source that can generate much 

higher energy electron beam. The super high energy electron beam can transmit samples 

because of the small de Broglie wavelength of electrons therefore acquiring the interior 

structure information of samples. A sensor like CCD camera can detect the transmission 

electrons thus form the sample structure image. For sample preparation, the specimen is first 

dispersed in solvent, such as ethanol, then loaded onto copper grid with carbon film. The as-

prepared sample need to be totally dried before transferring into TEM chamber. TEM 

machine also can perform the EDX analysis based on related device. In addition, the selected 

area electron diffraction (SAED) device is usually equipped to analyse the crystalline feature 

of samples. In this doctoral work, a TEM machine with a normal accelerating voltage of 300 

kV was used.  

2.3.5 Cryogenic scanning electron microscopy 

Cryogenic scanning electron microscopy (Cryo-SEM) is a novel technique firstly employed 

in the biology research. Due to the low operation temperature for samples all along the 

preparation and measurement process, the original morphology and character can be intactly 

preserved, which is very useful for detecting the initial property of specimen. Recently, Yi 

Cui group from Stanford University applied this technique to chemical research and excitated 
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a lot of remarkable work in battery investigation using cryogenic SEM technique. Basically, 

the sample is prepared and analyzed by the protection of liquid nitrogen. For the sensitive 

sample, such as Li metal, the cryogenic preservation should start from the specimen mounting 

in glove box. In the following step, all operations are done in the circumstance of liquid 

nitrogen till sample transferring into SEM chamber. Because of the special merit, cryogenic 

SEM output the images with more detailed information which can not obtained from common 

SEM and TEM. In addition, this elaborate procedure can avoid sample connecting with air, 

the contamination and side-reaction are effectively eliminated. In this doctoral work, the 

cryogenic SEM machine FEI Titan 80-300 environmental (scanning) transmission electron 

microscopy with an accelerating voltage of 300 kV was used to investigate Li metal and solid 

electrolyte interphase. 

2.3.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 

technique. This technique is usually used to measure the elemental composition, empirical 

formula, chemical state and electronic state of the elements that exist within a material. To 

obtain the XPS spectra, a material is irradiated by a beam of X-rays. At the same time, the 

kinetic energy and number of electrons that escape from the top 0 to 10 nm of the material 

are measured and analyzed. The binding energies also can be measuring the chemical state 

information, i.e., the local bonding environment of a species. XPS is useful for quantitative 

analysis of surfaces, which gives relative quantification of different elements. In addition, 

the deeper layers of sample can be exposed by ion beam etching, and the storied elemental 

information is obtained in depth profiling XPS. In this doctoral work, XPS was used to 
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investigate the chemical states and composite detail of carbon based materials using a 

Thermo Fisher K-Alpha+ XPS system equipped with mono-chromated Al Kα (energy: 

1486.68 eV). 

2.3.7 X-ray diffraction 

The chemical composition and crystallographic information of samples can be obtained 

through the non-destructive and rapid X-ray diffraction (XRD) technique. The crystal has 

unique X-ray diffraction pattern according to Bragg’s law, this can be used to determine the 

crystal structure of samples. The Bragg's Law is shown as follows: 

nλ=2d sin θ 

Here d is the spacing between interplanar, θ is the incident angle, n is the order of reflection 

and λ is the wavelength of the X-rays irradiation.  

Besides, XRD can be used to probe the in situ change of samples’s structure by acquiring a 

serial of X-ray diffraction patterns corresponding to the reaction process of materials. In this 

doctoral work, XRD measurements were conducted using a Bruker D8 Discover X-ray 

diffractometer with Cu Kα radiation, a Swaglok cell with a Be window accompanying with 

a CHI660E electrochemical station was used to carry out the in situ XRD analysis. 

2.3.8 Raman spectroscopy 

Raman spectroscopy is a spectroscopic analysis technique that collects the detailed 

information about chemical structure, phase and molecular interactions. The mechanism of 

Raman spectroscopy bases on inelastic scattering of photons, known as Raman scattering. A 
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laser in the visible, near infrared, or near ultraviolet range is usually used as the source of 

monochromatic light. The molecular vibrations, phonons or other excitations can interact 

with laser light. As a result, the energy of the laser photons could be shifted up or down. The 

shift in energy provides information about the vibrational modes in the system. In this 

doctoral work, Raman spectra were performed on an inVia Renishaw Raman spectrometer 

system (HR Micro Raman spectrometer, Horiba JOBIN YVON US/HR800 UV), the 633 nm 

wavelength laser was employed for analyzation between 500 and 2000 cm-1. 

2.3.9 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a useful method of thermal analysis which measures 

the changes in sample mass over time upon the temperature changing. Such analysis relies 

on precise measurements for three parameters: weight, time, and temperature. This technique 

collects information about physical phenomena, such as, phase transitions, absorption, 

adsorption and desorption, as well as chemical phenomena including chemisorptions, thermal 

decomposition, and solid-gas reactions. For different applications, TGA can be conducted in 

air or inert atmosphere (e.g. N2). In this doctoral work, the sulfur content of in the 

sulfur/carbon composite materials was determined using a TGA instrument Simultaneous 

TG-DTA (SDT 2960) with an Al2O3 sample holder. The temperature increased up to 1000 °C 

with a speed of 10 °C min-1. 



59 

 

2.4 Electrode Preparation and Battery Assembly 

2.4.1 Electrode preparation 

Cathode electrodes were usually made from powder materials. In specific, the as-prepared 

material was thoroughly mixed with carbon black and polyvinylidene fluoride binder in fixed 

weight ratio, usually in the weight ratio of 8:1:1. Then the slurry was obtained by milling the 

mixture in sufficient N-methyl-2pyrrolidone solvent. The resultant slurry was pasted onto an 

Al foil followed by drying in a vacuum oven at 80-100 ℃ temperature overnight. The 

obtained electrodes were then pressed under 200 kg cm-2 and kept in an argon filled glove 

box. In this doctoral study, Li4Ti5O12 cathode electrode and Na3V2(PO4)3 cathode electrode 

and sulfur cathode material was prepared following above-mentioned procedure. 

Anode electrodes used in this doctoral work were Cu foil, copper nanowires film, graphene 

wrapped copper nanowires film, reduced graphene oxide film and porous reduced graphene 

oxide film. These free-standing or solid electrodes were used directly without further 

preparation procedure. 

2.4.2 Battery assembly 

The electrochemical performances of as-prepared electrodes were measured using coin cells 

(CR2032). The cells were consists of the as-prepared electrode as the working electrode, 

lithium foil or sodium foil as the counter and reference electrode, a porous polypropylene 

(Celgard 2400 or Celgard 2325) as the separator. For Li batteries, the electrolyte were 1 M 

lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) in a mixed solvent of 1,3-dioxolane 

(DOL) and 1,2-dimethoxyethane (DME) (1:1 in volume) with 1wt% LiNO3 as additive and 
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1M LiPF6 in ethylene carbonate /dimethyl carbonate (EC/DMC, 1:1 v/v). For Na batteries, 

the electrolyte were 1M sodium hexafluorophosphate (NaPF6) in diethylene glycol dimethyl 

ether (DEGDME) and 1M Sodium perchlorate (NaClO4) in EC/DEC with 1 wt% FEC. 

CR2032 coin cells were assembled in Ar-filled glove box (MBRAUN) with water and 

oxygen less than 0.1 ppm. The symmetric cells and full cells were prepared in the same way.  

2.5 Electrochemical Measurement 

In this doctoral study, the electrochemical properties were measured through various 

techniques. These techniques are introduced in detail as follows: 

2.5.1 Chronoamperometry 

Chronoamperometry works as a useful electrochemical technique to measure critical 

parameters. This technique employs a stepped potential on the working electrode, and the 

resulting current from faradaic processes can occur on the electrode. The corresponding 

current is monitored as a function of time. The functional relationship between current 

response and time is further measured as single or double potential step is applied to the 

working electrode in the electrochemical system. Important information about the identity of 

the electrolyzed species can be obtained from the ratio of the peak oxidation current versus 

the peak reduction current. In this doctoral work, the typical lithium nucleation curves were 

obtained by chronoamperometry measurement. According to obtained current-time curves, 

the three-dimensional instantaneous nucleation process controlled by the diffusion process 

was determined. In addition, the nuclei density N0 was estimated by fitting the I-t1/2 curves. 
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2.5.2 Chronopotentiometry 

Chronopotentiometry is an electrochemical technique that resembles chronoamperometry. 

This technique employs a controlled current, usually a constant current, to flow between 

working electrode and counter electrode. And the potential of working electrode is monitored 

as a function of time with respect to a suitable reference electrode. Chronopotentiometry is 

an effective method to probe the mechanism of reactions happen on the working electrode. 

Through analyzing the relationship between potential (E) and time (t) in the 

chronopotentiometry graph, researchers can obtain the information related to the electrode 

reaction mechanisms. In this doctoral work, the nucleation overpotential and the diffusion 

overpotential were measured using chronopotentiometry technique. 

2.5.3 Galvanostatic charge-discharge 

Galvanostatic charge-discharge is a technique in which the potential change versus time 

within a certain voltage range is monitor when a constant charge/discharge current applying 

between working electrode and counter electrode. This technique is usually used to measure 

the capacity of electrode material. The specific charge/discharge capacities (Q) of electrode 

materials can be calculated by the following formula: 

Q = I × t 

where I is the current density and t is the charge/discharge time.  

The Coulombic efficiency can be measured by dividing discharge capacity with charge 

capacity. Rate performances of electrode materials can be obtained by stepwise galvanostatic 

charge-discharge measurements using different current densities. Moreover, by repeating 
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galvanostatic charge-discharge tests, the cycling performances can be obtained, which is 

another important parameter of electrode material. In this doctoral work, the galvanostatic 

charge-discharge measurements were conducted on a computer-controlled Neware battery 

testing system. 

2.5.4 Electrochemical Impedance Spectroscopy 

 

Figure 2.3 Schematic impedance spectrum of typical Nyquist curve in a lithium-ion battery 

system. 

The electrochemical impedance spectroscopy (EIS) is a widespread experimental technique 

able to characterize the behavior of an electrochemical system, such as, electron transfer and 

mass transfer. A very small amplitude signal is applied to the testing system over a range of 

frequencies from 0.001 Hz to 100,000 Hz. By monitoring the current response, the variation 

of resistance with frequency can be examined. Charge-transfer resistance (Rct), which can 

qualitatively characterize the electrode reaction speed, can be calculated through EIS 

measurements. A typical impedance Nyquist curve of a lithium-ion battery system consists 
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of several sections involving several kinetic response processes, which are explained in detail 

as follows: 

Section 1. At very high frequencies, the spectrum shows inductive behavior caused by 

inductive reactance of metallic elements in the cell and wires; 

Section 2. The ohmic resistance RΩ of the cell is shown by the intersection with the real axis, 

which is usually caused by uncompensated electrolyte resistance; 

Section 3. Charge transfer resistance (Rct) at the electrode is defined at the first semi-circle, 

which is usually associated with electrode reaction speed; 

Section 4. The double layer resistance is represented by the second semi-circle, which is 

caused by the concentration difference of ions on the surface of electrode material; 

Section 5. Diffusion related impedance which is called WARBURG impedance is observed 

at very low frequencies. 

In this doctoral work, Nyquist impedance curves were characterized to investigate the kinetic 

processes of electrode materials, which can be correlated with the electrochemical 

phenomenon, such as nucleation overpotential inhabitation and SEI suppression. 

2.6 Theoretical Analysis 

In order to accurately evaluate the electrochemical performance of samples, some necessary 

theoretical calculation and theoretical simulation were conducted. By comparing the 

theoretical analysis and experimental results, we can understand the corresponding reaction 

processes in depth and give clear explanation. 



64 

 

2.6.1 Theoretical calculation 

Theoretical calculation can be used to analyse the chemical reaction and physical process, 

which is helpful for our understanding of related experimental procedure. Moreover, we can 

obtain the necessary data by using theoretical calculation from the situation experimental 

measurement is unavailable. In this doctoral work, we calculated the porosity of copper 

nanowires electrode, the nucleation density and the nucleation overpotential of lithium, 

which are discussed detailed in chapter 3 and chapter 4. 

2.6.2 Theoretical simulation 

As efficient supporting technique, theoretical simulation is used to probe the reaction 

mechanism that cannot be clearly explained through the obtained experimental results. For 

instance, the nucleation behavior change of lithium upon temperature variation were 

obviously observed by systemic microscopy experiments, the deep logic causing the change 

were distinctly disclosed by combining theorical simulation on lithium nucleation density 

and overpotential with the solid experimental evidence. Moreover, the discrimination 

between lithium and sodium deposition on porous reduced graphene oxide substrate was 

effectively illustrated by visual molecular dynamic simulation, the suppressed deformation 

of sodium layer on reduced graphene oxide substrate was further demonstrated by strain 

simulation through COMSOL program. In this doctoral work, theoretical simulations are 

discussed in chapter 4 and chapter 5. 
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CHAPTER 3 THREE-DIMENSIONAL PIE-LIKE CURRENT 

COLLECTORS FOR DENDRITE-FREE LITHIUM METAL ANODES 

3.1 Introduction 

Lithium metal has an extremely high theoretical capacity (3860 mAh g-1), a low gravimetric 

density (0.534 g cm-3) and the lowest electrochemical potential (-3.04 V vs. the standard 

hydrogen electrode) among all other candidates.112,217 Thus, Li metal is the ultimate choice 

as anodes for LMBs. However, poor cycling efficiency and safety issues caused by Li 

dendrite formation prevent the use Li metal anodes in commercial lithium batteries.218-219 

Although lithium-ion (Li-ion) batteries have been commercialized successfully in the last 

few decades since Sony and Asahi Kasei replaced Li metal with graphite as the anode to 

avoid Li dendrite formation, the inherent limited theoretical energy density of Li-ion batteries 

cannot meet the growing demand for long-range electric vehicles (EVs).112,220-221 Therefore, 

it is now widely accepted that developing alternative energy storage systems beyond the 

horizon of Li-ion batteries is urgently needed to satisfy the requirement of these emerging 

markets.219,222-223 Recently, growing research efforts have been devoted to improving the 

understanding on Li metal chemistry toward better Li metal anodes.224-236 Meanwhile, 

lithium-air (Li-air) batteries and lithium-sulfur (Li-S) batteries demonstrate great potentials 

to significantly increase the energy densities of rechargeable LMBs, both of which are being 

intensively studied for next-generation energy-storage applications and Li metal anode is 

indispensable for these two battery systems.228,237-244  

The major challenges for the development of high-performance Li-metal batteries are the 

serious safety concerns and poor cyclability, which are mainly caused by the formation of Li 
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dendrites on the surface of Li metal anodes.219 During the Li deposition process (charging 

process), the Li ions (Li+) receive electrons and deposit solid Li metal on the surface of the 

Li metal anode. Protrusions and impurities on the anode surface can create an inhomogeneous 

surface environment, which leads to non-uniform current density and uneven Li deposition 

rates. This finally results in Li to be deposited in dendritic form, which is well known to be 

the main reason of short-circuit hazards that caused explosive accidents.245-246 During the Li 

striping process (discharging process), the root of the Li dendrite is apt to receive electrons 

and dissolve earlier. These dendrites easily break off and become isolated from the Li anode, 

forming so-called ‘dead Li’, which aggravates the loss of available Li metal.228 Furthermore, 

the reactions between Li metal and electrolytes is known to form a natural SEI as a 

passivation layer on the Li anode surface.247-248 However, the infinite volumetric change of 

the Li anodes during Li stripping/plating induces significant mechanical instability in the 

relatively fragile SEI, leading to the formation of cracks. The recurring 

breakdown/repairment of SEI during charge/discharge processes upon cycling leads to the 

continuous consumption of Li metal and electrolytes, which severely decreases Coulombic 

efficiency.249-250  

A series of approaches have been proposed to suppress Li dendrite growth since 1960s.251 

Previous studies have demonstrated that the current density of the electrodes during Li 

deposition is a crucial factor to regulate Li dendrite formation. A lower local current density 

can delay initial dendrite growth and reduce the growth rate as well. In order to reduce the 

electrode current density, some conductive and non-conductive 3D microstructures have 

been proven to be useful for suppressing the growth of Li dendrites and enhancing the 

cyclabilities.228,238,252-254 Recently, the re-design of 3D current collectors, such as 3D copper 
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structures with submicron skeletons, free-standing copper nanowire networks and porous 

copper foils have exhibited high Coulombic efficiencies and good cyclabilities.228,238,252,255 

In addition to its excellent conductivity, copper material deserves more attentions because of 

its wide availability.256  

Another effective method to tune the growth behavior of Li dendrites is to generate a stable 

SEI on the Li metal surface as a passivation layer. Although SEI can form spontaneously 

during cycling, its mechanical instability can hardly protect Li metal due to the infinite 

volume change during Li plating/stripping.247-248 Therefore, the high quality of the SEI layer 

is essential to stabilize the operation of Li metal anodes with high efficiency.236 The ideal 

SEI layer needs to be chemically stable in a highly reducing environment, mechanically 

strong and flexible to accommodate the volumetric change during Li plating/stripping. 

Comparing with intrinsic SEI layer, interfacial layers such as graphene layers, hexagonal 

boron nitride (h-BN) layers, interconnected hollow carbon nanosphere layers, and 

graphite/graphene layers, show better mechanical strength in protecting Li metal 

anodes.230,257-258  

Herein, we developed a porous current collector with 3D pie-like structure of copper 

nanowires wrapped by GE, in which Li deposition can be accommodated inside the porous 

framework and be protected by a GE-based interfacial layer. The GE shell was chosen as the 

protective layer because of its excellent mechanical feature to suppress Li dendrite as well as 

its high electrical conductivity that can effectively reduce the interfacial resistance. 

Meanwhile, the GE nanosheets prepared via a hydrogen reduction process have defects that 

allows Li+ diffusion through the GE protective layer. This work provided an alternative 



68 

 

solution to control Li dendrite growth without degrading the specific capacity of Li metal 

anodes through combining a copper nanowire porous microstructure with a graphene-based 

interfacial protective layer. 

3.2 Experimental Section 

3.2.1 Materials preparation 

3.2.1.1 Synthesis of copper nanowires 

Copper nanowires were synthesized through a facile aqueous reduction route at low 

temperatures in an oil bath.259 In particular, NaOH (200 mL, 15 M) solution was first 

prepared and kept in oil bath at 60 °C for 20 min. Then, Cu(NO3)2 (10 mL, 0.1 M), 

ethylenediamine (EDA) (1.6 mL, 99 wt%) and hydrazine (500 μL, 35 wt%) aqueous 

solutions were successively added into the NaOH solution. The mixed solution was kept 

stirring to form a homogenous solution and heated at 60 °C for 2 h. Gradually, the yielded 

CuNWs floated onto the surface of the solution. The CuNWs were collected and washed with 

deionized water and ethanol 3 times through centrifugation (4500 rpm for 5 min). The 

CuNWs were stored in 25 ml of ethanol solution with 5 ml added hydrazine (3 wt%) aqueous 

solution at room temperature to minimize the oxidation. 

3.2.1.2 Synthesis of graphene oxide 

Graphene oxide was prepared by oxidation of natural graphite powder according to the 

improved Hummer’s method. In particular, graphite (3.0 g) was added to a mixture of 

concentrated H2SO4/H3PO4 (360 ml/40 mL). After completely mixing, KMnO4 was carefully 

added to the mixture. The reaction was then heated to 50 °C and stirred for 12 h. After cooling 
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down to room temperature, the mixture was poured into ice (~400 mL) containing 3 ml H2O2 

(30%) and left to stand overnight. The supernatant liquid was decanted away, the remaining 

solid was then washed in succession with DI water and ethanol for 3 times, for each wash, 

GO was collected by centrifuge (4000 rpm for 20 min). After multiple wash process, the 

resulting solution was dispersed in DI water by ultrasonication for 1 h to make a GO aqueous 

dispersion. The obtained dispersion was then subjected to 6 min of centrifugation at 8000 

rpm to remove any aggregates. Finally, it was purified by dialysis for 5 days to remove the 

remaining salt impurities for the following experiments. 

3.2.1.3 Fabrication of 3D pie-like CuNWs@GE current collector 

CuNWs current collector were first prepared. In detail, 2 mL of graphene oxide (GO) solution 

(2 mg mL-1) was filtered under vacuum to form a thin film on a filter membrane (Millipore) 

within a filter funnel. Then, 25 mL CuNWs dispersed suspension (containing about 120 mg 

CuNWs) was first sonicated for 5 min and gently poured into the filter funnel. After standing 

for 6 h, the supernatant was decanted away. A CuNWs paper (~ 35 mm in diameter) was 

formed after the solvent evaporated totally. The CuNWs paper was peeled off from the GO 

film and punched into disks (12 mm in diameter). The obtained CuNWs current collector 

were first annealed under 5 % H2 in Ar atmosphere at 300 °C for 2 h to enhance the 

mechanical strength. The areal weight of CuNWs membrane is about 8.14 mg cm-2. 

The 3D pie-like CuNWs@GE current collector was synthesized using as-prepared CuNWs 

current collector and graphene oxide (GO) solution. Typically, 60 µL GO solution (0.2 mg 

mL-1) was dropped on the annealed CuNWs current collector and dried at 60 °C for 2 h. The 

other side of the CuNWs current collector was also covered by GO through the same process. 
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Finally, the CuNWs@GE current collector was obtained after annealing under 5 % H2 in Ar 

atmosphere at 600 °C for 1 h. 

3.2.2 Characterization 

A field emission scanning electron microscope (FESEM, Zeiss Supra 55 VP) was employed 

to observe morphology changes of different current collectors before and after Li deposition. 

Transmission electron microscopy (TEM, Field-emission CM200, Fei) was used to identify 

the structure changes of the GE from the CuNWs@GE current collectors after long-term 

cycling. X-Ray photoelectron spectroscopy (XPS) was conducted on an ESCALAB250Xi 

(Thermo Scientific, UK) equipped with mono-chromated Al K alpha (energy: 1486.68 eV). 

Raman spectra were performed on an inVia Renishaw Raman spectrometer system (HR 

Micro Raman spectrometer, Horiba JOBIN YVON US/HR800 UV) using a 632.8 nm 

wavelength laser.  

3.2.3 Electrochemical measurement 

All the electrochemical measurements were carried out using CR2023 coin cells assembled 

in an argon-filled glovebox (MBRAUN) with water and oxygen levels of less than 0.1 ppm. 

The electrolyte is 1 M lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) in a mixed 

solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 in volume) with 1 % 

LiNO3 as additive. For the Coulombic efficiency tests, bare Cu foil, CuNWs and 

CuNWs@GE current collectors were used as the working electrodes and Li metal was used 

as the counter and reference electrode. The Li deposition/stripping process was conducted at 

the current density of 1 mA cm−2, with fixed deposition capacity of 2.0 mAh cm−2 in the 

voltage range of -0.5/+0.5 V. The Coulombic efficiency was calculated based on the ratio of 
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Li stripping and plating. In order to remove the surface contaminations and stabilizing the 

SEI, all batteries were first cycled at 0-1V (versus Li+/Li) at 50 µA for five cycles. 

Electrochemical impedance spectra (EIS) measurement was performed using a Biologic 

VMP3 electrochemical workstation in the frequency range of 100 kHz to 0.1 Hz. 

3.3 Results and Discussion 

3.3.1 Characterizations of current collectors 

The CuNWs current collector was synthesized from the as-prepared Cu nanowires. The 

morphology of the CuNW current collector was first observed by SEM as shown in Figure 

3.1a-c. The length and diameter of CuNWs measured from the SEM image are about 45μm 

and 400 nm, respectively, which is similar to the previous report.259 CuNWs current 

collectors can be obtained after punching out an appropriately sized disk from CuNWs paper 

(the inset in Figure 3.1a). After annealing in a reducing atmosphere at 600 °C, the mechanical 

strength of the CuNWs current collector can be further enhanced owing to the fusion of 

adjacent Cu nanowires. The CuNWs electrodes exhibits good flexibility and robustness and 

can be rebound even after being folded back (Figure 3.2). Compared with the pristine CuNWs 

current collectors, annealed CuNWs current collectors exhibited much lower resistance 

(~1.1Ω) (Figure 3.3). The annealing process not only joined CuNWs, but also reduced the 

Cu2+ on the surface of CuNWs.238 In addition, the surface of CuNWs became smoother after 

annealing treatment (Figure 3.4), which was beneficial for uniform Li metal deposition onto 

the CuNWs, owing to the homogenous electric field without the influence of small particles 

that exist in the pristine CuNWs. Furthermore, the cross-section SEM image in Figure 3.1c 

showed that CuNWs current collector possesses substantial amount of micropores throughout 
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the whole electrode, which means Li metal can be accommodated inside this porous 

nanostructured network.  

 

Figure 3.1 Surface (a), (b) and cross-section (c) SEM images of CuNWs current collectors, 

and surface (d), (e) and cross-section (f) SEM images of CuNWs@GE current collectors. 

 

Figure 3.2 Digital photos of (a) back folded CuNWs electrode and (b) rebounded CuNWs 

electrode after releasing the pressure. 
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Figure 3.3 (a) Digital photo of the CuNWs electrode before annealing. The electro-

multimeter showed the ultrahigh resistance of the CuNWs electrode. (b) Digital photo of the 

CuNWs electrode after annealing at 600 °C in a reducing atmosphere. The electro-multimeter 

showed that the resistance of the CuNWs electrode is only ∼1.1 Ω. 

 

Figure 3.4 SEM images of (a) CuNWs after annealing in the reducing atmosphere at 600 °C 

for 1 h and (b) pristine CuNWs before annealing. 

The CuNWs@GE current collectors were obtained by annealing the nanocomposite of 

graphene wrapped CuNWs current collectors. We can observe a uniform and translucent 

graphene layer attached compactly to the CuNWs current collectors (Figure 3.1d-f). Aided 

by the excellent mechanical properties, this thin layer of graphene with the thickness of about 

40 nm, could suppress the Li dendrite formation during plating/striping. The conductivity of 

CuNWs current collectors was not diminished by the wrapping of GE because the 
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conductivity of GE is also very high. Meanwhile, the defects in GE nanosheets formed during 

the chemical reduction process facilitate Li+ diffusion through the GE shell and depositing 

onto CuNWs. Therefore, the novel CuNWs@GE nanocomposite structure is beneficial to 

promote Li deposited uniformly inside this porous structure without dendrites. 

3.3.2 Calculation of the theoretical areal capacity 

The maximum areal capacity of CuNWs membrane was calculated based on the assumption 

that CuNWs membrane is a well-defined cylinder. The pore volume of CuNWs membrane 

was obtained by subtracting real volume of Cu metal from the total volume of CuNWs 

membrane. We measured that the bottom surface area of CuNWs membrane is about 1.13 

cm2 (12 mm in diameter), and the mass was about 9.2 mg. The thickness of pristine membrane 

was about 53 μm, yet decreased to about 26 μm after pressed by opposite lithium metal and 

spring in an assembled coin cell (Figure 3.5). The density of Cu metal is 8.9 g cm-3. The mass 

density of Li metal is 0.534 g cm-3 and the specific capacity density of Li metal is 2061 mAh 

cm-3. The maximum areal capacity of pristine CuNWs membrane is calculated as follows: 

Total volume of membrane = bottom surface area × thickness = 1.13 × 53 × 10-4 = 5.989 × 

10-3 cm3 

Real volume of Cu metal = CuNWs membrane mass / Cu density = 9.2 × 10-3 / 8.9 = 1.034 

× 10-3 cm3 

Pore volume = total volume of membrane – real volume of Cu metal = (5.989-1.034) × 10-3 

= 4.955 × 10-3 cm3 
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Maximum areal capacity = pore volume × lithium specific capacity density / bottom surface 

area = 4.955 × 10-3 × 2061 / 1.13 = 9.04 mAh cm-2 

Maximum mass ratio of Li : Cu = pore volume × lithium density / membrane mass = 5.989 

× 10-3 × 0.534 ×103 / 9.2 = 0.35 

Areal weight of CuNWs membrane = CuNWs membrane mass / bottom surface area = 9.2 / 

1.13 = 8.14 mg cm-2 

The maximum areal capacity and Li/Cu mass ratio of pressed CuNWs membrane are also 

calculated as follows: 

Maximum areal capacity of pressed CuNWs membrane = 3.47 mAh cm-2 

Maximum mass ratio of Li : Cu of pressed CuNWs membrane = 0.17 

 

Figure 3.5 Cross-section SEM images of (a) as-prepared CuNWs membrane and (b) pressed 

CuNWs membrane from a disassembled coin cell before cycling. 
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3.3.3 Li deposition on CuNWs current collector 

To confirm the excellent property of CuNWs porous nanostructures for Li plating, the bare 

CuNWs current collector was firstly compared with planar Cu foil in coin cells with the 

electrolyte 1 M lithium bis(trifluoromethane sulfonyl) imide (LiTFSI) in 1,3-dioxolane 

(DOL)/1,2-dimethoxyethane (DME) (1:1 by volume) with 1 wt % LiNO3. As shown in 

Figure 3.6a, Li islands are generated from Li crystals on traditional planar Cu foil current 

collectors in the initial discharge stage. Then, Li dendrites gradually formed as the discharge 

capacities were increased (as shown in Figure 3.6b-d) because of heterogeneous electric 

fields between Li islands.  

 

Figure 3.6 SEM images of Li deposition on planar Cu foil current collectors at current 

densities (a) 0.1 mAh cm-2, (b) 0.5 mAh cm-2, (c) 1 mAh cm-2 and (d) 2 mAh cm-2. SEM 

images of Li deposition on CuNWs current collectors at current densities (e) 0.1 mAh cm-2, 

(f) 0.5 mAh cm-2, (g) 1 mAh cm-2 and (h) 2 mAh cm-2. 
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In contrast, Li metal was well absorbed into the porous nanostructures when CuNWs 

frameworks were used as the current collectors, and no Li dendrites were observed even 

when the deposition capacity of Li was as high as 2 mAh cm-2 (Figure 3.6e-h). The increased 

diameters of CuNWs indicated that Li was plating along the surfaces of the CuNWs. The 

theoretical areal capacity of the as-prepared CuNWs current collector is 9.04 mAh cm-2. 

However, the actual areal capacity decreased to 3.47 mAh cm-2 after assembled in the coin 

cells (Figure 3.5). Obvious Li protuberances were observed on the surface of the CuNWs 

current collector when the areal capacity was higher than 3 mAh cm-2 (Figure 3.7). More 

protuberances were generated as the areal capacity increased to 5 mAh cm-2 (Figure 3.7). The 

current density of CuNWs framework was much lower than that of planar Cu foil because 

the large surface area consists of numerous CuNWs. The excellent conductivity of copper 

and the smooth surface of fused CuNWs further contributed to a uniform electric field 

amongst the CuNWs network, therefore Li+ could be distributed uniformly upon the surface 

of CuNWs. The porous nanostructure of CuNWs current collectors demonstrated the efficient 

suppression of the formations of Li dendrites.  
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Figure 3.7 (a) and (c) SEM images of Li deposited CuNWs current collector with the areal 

capacity of 3 mAh cm-2. (b) and (d) SEM images of Li deposited CuNWs current collector 

with the areal capacity of 5 mAh cm-2. (c) and (d) are the corresponding cross-section SEM 

images. 

3.3.4 Electrochemical performance 

To further investigate the stability of CuNWs and CuNWs@GE current collectors toward Li 

storage upon cycling, the Coulombic efficiencies of the as-prepared current collectors were 

explored and compared to those of planar Cu foil current collectors. In order to test the 

Coulombic efficiencies, a fixed areal capacity of Li was first deposited (2 mAh cm-2), then 

followed by extraction during each cycle. The Coulombic efficiencies were calculated by the 

ratio of the amount of Li stripped away versus the deposited amount in each cycle. As shown 

in Figure 3.8a-d, the Li plating/striping on planar Cu foil showed low overpotential except in 

the first few cycles. However, the voltage plateaus of Li plating/striping on planar Cu foils 



79 

 

increased slightly upon cycling, which should be originated from the acute surface change 

on planar Cu foils caused by large amount of Li dendrite and “dead” Li.  

 

Figure 3.8 (a-d) Voltage profiles of planar Cu foil, CuNWs and CuNWs@GE current 

collectors at 1st, 10th, 50th, and 120th cycles at the current density of 1 mA cm-2. (e) The 

corresponding Coulombic efficiencies of Li deposition on planar Cu foil, CuNWs and 

CuNWs@GE current collectors. 

The obvious voltage fluctuations during the stripping process were observed on planar Cu 

foil current collectors (Figure 3.8c), which could be ascribed to the unstable connection 

between the Cu foil matrix and loose Li deposition layer. Because of the accumulation of 
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dead Li, the Coulombic efficiencies of planar Cu foil (Figure 3.8e) suffered a quick decrease 

after 40 cycles under the current density of 1 mA cm-2, in spite of the fact that the initial 

Coulombic efficiencies of planar Cu foils were maintained at a high level.  

In comparison, the charge/discharge curves of the CuNWs current collectors were almost 

identical after the 10th cycle (Figure 3.8b-c), which should be attributed to the stable 

Li/electrolyte interface as Li metal was attached closely to CuNWs during the deposition 

process. However, we still observed voltage fluctuations during Li stripping from CuNWs 

current collectors at the 120th cycle under a charge/discharge current density of 1 mA cm-2 

(Figure 3.8d). This means that the phenomenon of unstable connection between the deposited 

Li metal and current collectors also happened on CuNWs networks during long-term cycling. 

The Coulombic efficiencies of CuNWs current collector mostly kept above 97 % (Figure 

3.8e) in the initial cycles. However, the Coulombic efficiencies of CuNWs current collector 

rebounded back at the 80th cycle, and continuously changed upon cycling. This unstable 

phenomenon was attributed to the Li deposition layer departing from the CuNWs current 

collectors, which in accordance with the voltage fluctuations of the voltage profiles as shown 

in Figure 3.8d. In order to solve the problem caused by the extrusive Li deposition layer 

beyond the CuNWs frameworks, we wrapped the CuNWs current collectors with a thin layer 

of graphene. The intact graphene layer covering over CuNWs could effectively suppress Li 

dendrite and prevent Li accumulating beyond CuNWs frameworks. On the other hand, 

graphene has been proved to possessing a lot of defects, which benefit Li+ transfer through 

GE layer.260-261 In Figure 3.8e, the Coulombic efficiencies of CuNWs@GE current collectors 

showed a little increase in the initial 10 cycles. After 10 cycles, Li can be deposited and 

stripped with high and stable Coulombic efficiencies on CuNWs@GE current collectors for 
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more than 200 cycles. Furthermore, CuNWs@GE performed best among other current 

collectors at both lower current density (0.5 mA cm-2) and higher current density (2 mA cm-

2) (Figure 3.9). The rate performance of CuNWs@GE current collector also exhibited high 

Coulombic efficiency at high current density (5 mA cm-2) and could maintain a higher 

Coulombic efficiency for over 100 cycles after the current density decreased to 1 mA cm-2 

(Figure 3.10). 

 

Figure 3.9 Coulombic efficiencies of Li deposition on planar Cu foil, CuNWs and 

CuNWs@GE current collectors at 0.5 mA cm-2 and 2 mA cm-2 with a fixed areal capacity of 

2 mAh cm-2. 
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Figure 3.10 Rate performance (coulombic efficiency) of Li deposition on CuNWs@GE 

current collector at different current densities with a fixed areal capacity of 2 mAh cm-2. 

3.3.5 Li deposition on CuNWs@GE 

The Li deposition status after cycles were further investigated by SEM (Figure 3.11). In the 

1st cycle, Li deposited on planar Cu foil in a compact morphology (Figure 3.11a-b), but the 

deposition layer became thicker and loose after 50 cycles (Figure 3.11c-d), which was due to 

“dead” Li accumulation and repeated SEI formation. For the CuNWs current collector, Li 

deposited firmly into CuNWs frameworks in the 1st cycle (Figure 3.11e-f). However, the 

“dead” Li gradually accumulated on the CuNWs current collector upon cycling and Li metal 

particles were observed on the surface of CuNWs current collector (Figure 3.11g-h, 3.12). 

After 120 cycles, we can see a distinct Li metal layer attached on the surface of CuNWs 

current collectors (Figure 3.13), which indicated that “dead” Li occupied almost all the space 
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inside the CuNWs nanostructure. The porous CuNWs network eventually became a solid 

current collector, which was not much different from planar Cu foil current collectors after 

long-term cycling.  

 

Figure 3.11 SEM images of Li deposition on (a-d) planar Cu foil, (e-h) CuNWs and (i-l) 

CuNWs@GE current collectors for 2 mAh cm-2 at different cycles at the current density of 1 

mA cm-2. (b) (d) (f) (h) (j) and (l) are cross-section SEM images of different current collectors. 

For the CuNWs@GE current collectors, Li could not be totally absorbed into the 

CuNWs@GE current collectors as shown in Figure 3.11i-j. A small portion of Li was 

deposited on the surface of graphene in the 1st cycle. The XPS results in Figure 3.14 showed 

that there were remaining functional groups on GE nanosheets, which exhibited advantages 

in the competition for attracting Li ions toward the CuNWs.261 However, these oxygen 
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functional groups could be reduced by Li metal during the discharge process, thereby 

weakening the Li ion absorbing advantage of GE.254  

 

Figure 3.12 (a) SEM image and (c) magnified SEM image of Li deposition on CuNWs 

current collector for 2 mAh cm-2 at 50th cycle. (b) Cross-section SEM image and (d) 

magnified cross-section SEM image of Li deposition on CuNWs current collectors for 2 mAh 

cm-2 at 50th cycle. 

After 50 cycles, Li totally deposited inside CuNWs@GE current collectors and was hardly 

observed on the GE surface (Figure 3.11k-l). Moreover, from TEM images in Figure 3.15, 

nanopores were observed on GE nanosheets after cycling owing to the defects expanding in 

the process of GE-Li reactions. Raman spectra in Figure 3.16 also demonstrated the increase 

of the ID/IG ratio, indicating that the intensity of defects (ID) was improved in comparison 

with that of graphite (IG). More defects generated on the surface of graphene nanosheets. 

These nanopores provided enough channels for Li+ migrating from outside into the 

CuNWs@GE current collectors.262-263 As shown in Figure 3.17, the GE layer was still intact 
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even after 200 cycles. The excessive Li deposition was efficiently suppressed underneath the 

GE layer. 

 

Figure 3.13 (a) SEM image and (b), (c) the corresponding magnified SEM images of Li 

deposited CuNWs current collectors with the total capacity of 2 mAh cm-2 at the current 

density of 1 mA cm-2 after 120 cycles. 
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Figure 3.14 XPS spectra of (a) O1s and (b) C1s of graphene obtained after annealing the 

graphene oxide precursor under 5 % H2 in Ar atmosphere at 600 °C for 1 h. 
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Figure 3.15 TEM images of GE from the CuNWs@GE current collector (a) before cycling 

and (b) after 50 cycles. 

 

Figure 3.16 Raman spectra of (a) pristine graphene, (b) graphene after 20 cycles and (c) 

graphene after 50 cycles. 
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Figure 3.17 (a) SEM image and (b), (c) the corresponding magnified SEM images of Li-

deposited CuNWs@GE electrode with the total capacity of 2 mAh cm-2 at the current density 

of 1 mA cm-2 after 200 cycles. 

To further clarify the function of the CuNWs current collector and GE layer coating, EIS was 

conducted to evaluate the interfacial transport behaviors of the as-synthesized 3D current 

collectors (Figure 3.18). The increased impedance of the planar Cu foil after 20th cycles was 

attributed to the breakdown between large amount of “dead” Li and current collector. After 

80~100 cycles, the impedance of CuNWs frameworks also showed a tendency of increase, 

which was similar to planar Cu foil. This could also be attributed to the “dead” Li of the Li 

deposition layer above CuNWs frameworks after long-term cycling. In comparison, 

CuNWs@GE showed a gradual decrease upon cycling, which means that Li was firmly 

enclosed inside the 3D pie-like structure. 
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Figure 3.18 EIS spectra of (a) planar Cu, (b) CuNWs framework, (c) CuNWs@GE at 

different cycles. (d) Rct tendencies of three current collectors according to cycle number. 

3.4 Summary 

3D pie-like porous current collectors were synthesized based on CuNWs and graphene 

nanosheets in order to effectively suppress Li dendrite growth. The interstitial spaces inside 

the copper nanowire frameworks can efficiently accommodate Li deposition. Meanwhile, the 

graphene layers wrapped around CuNWs frameworks function as a flexible interfacial layer 

that can protect extra Li deposition. Therefore, the electrochemical performances of Li metal 

anode were remarkably improved. The Coulombic efficiencies of Li deposition on 

CuNWs@GE current collectors could be maintained above 97 % for more than 200 cycles, 

which was much higher than that of pristine CuNWs and Cu foil current collectors. The 
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CuNWs@GE current collectors demonstrated several advantages toward better Li metal 

anodes with significantly improved Coulombic efficiency, which promotes their practical 

applications in rechargeable lithium metal batteries. 
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CHAPTER 4 TEMPERATURE-DEPENDENT NUCLEATION AND 

GROWTH OF DENDRITE-FREE LITHIUM METAL ANODES 

4.1 Introduction 

It is widely recognized that lithium-based batteries including Li metal-ion, Li-sulfur and Li-

air batteries are promising next generation batteries, owing to their ultra-high capacities and 

energy densities.97,264 Significant progresses have been achieved on sulfur cathodes since the 

Li-sulfur batteries with super high capacities were reported in 2009.109,265 New materials are 

also explored for high-performance oxygen cathode of Li-air batteries.266-267 The 

performances of both Li-sulfur and Li-air batteries significantly depend on Li metal anodes.  

However, the research on Li metal anode only started to flourish over the past five 

years.113,116,268 Dendrite-free Li metal anodes with high Coulombic efficiencies are the 

ultimate goal to achieve high-energy-density Li metal batteries. It was widely recognized that 

partial strong electric field leads to non-uniform Li ion distribution thus resulting in dendrite 

generation. Therefore, reducing local current density by increasing the surface area of current 

collector is a popular strategy to suppress Li dendrite.269 Moreover, considerable approaches 

have been developed to suppress Li dendrite formation during repeated plating/striping 

process. These include surface protective layer270-271, large area conductive/non-conductive 

hosts133,272 and novel ion refluxing structures273-274. However, the formation and growth 

mechanisms of Li dendrite are still intricate and obscure due to many factors in the complex 

battery system. Although previous investigations probed Li dendrite growth regarding 

various factors156,242, the common factor of temperature is seldom studied in the spectrum of 

dendrite formation. Apart from consumer electronics that work at room temperature, 
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emerging applications expect batteries to operate under thermal extremes. As the choice of 

anodes in next generation high-energy-density batteries, Li metal anode requires the critical 

examination on its thermal characteristics.  

Herein, we revealed the dramatic change of Li nucleation and growth behavior under the 

influence of operation temperatures. Enhanced lithiophilicity and rapid Li ion migration 

induced by the increase of temperature contributed to large nuclei size and small nucleation 

density, which resulted in uniform and compact Li deposition. We further demonstrated that 

the differences of Li nucleation behaviors originate from the onsets of Li nuclei formation 

via in situ optical microscope observation. At 60 °C, the formation of Li dendrite was 

effectively suppressed, and the solid electrolyte interface was stabilized, the corresponding 

Li || Cu half cells and Li || Li4Ti5O12 (LTO) full cells achieved extended life-spans and 

increased Coulombic efficiencies. 

4.2 Experimental Section 

4.2.1 Electrode preparation  

Commercial Cu foil was cut into round Cu chips (Φ12 mm), these round Cu chips were 

washed with distilled water, acetone and ethanol, and dried at 50 °C under vacuum overnight 

before use. Round Li chips with the diameter of 8.5 mm and the thickness of 0.5 mm were 

used as counter electrodes. To investigate the electrochemical performance of full cells, 5 

mAh cm-2 amount of Li were first deposited on round Cu chips with the current density of 

0.5 mA cm-2 at 60 °C and 20 °C, respectively, to fabricate Li@Cu anode electrodes. Then, 

Li@Cu electrodes were washed with DOL solvent twice in glove box and dried under 

vacuum before use. To prepare LTO electrodes, Li4Ti5O12 (BTR co.) material, carbon black 
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and poly(vinylidene difluoride) (PVDF) were ground together in a weight ratio of 8:1:1, after 

blending with proper amount of N-methyl-2-pyrrolidone (NMP) solvent, the slurry were 

coated onto carbon-coated Al foil. After being dried at 100 °C under vacuum overnight, the 

LTO cathodes were cut into round chips with the diameter of 12 mm. The areal loading of 

LTO was 3.2 mg cm-2.  

4.2.2 Electrochemical measurement 

Electrochemical experiments of half cells and full cells were carried out using coin cells 

(CR2032). Coin cells were assembled with Li metal electrode (Φ8.5 mm), 30 μL electrolyte, 

double-layer Celgard 2325 (Φ18 mm) and pristine Cu electrode (Φ12 mm) in Ar-filled glove 

box (MBraun, H2O < 0.1 ppm, O2 < 0.1 ppm). The electrolytes were 1 M lithium 

bis(trifluoromethane sulfonyl)imide (LiTFSI) in a mixed solvent of 1,3-dioxolane (DOL) and 

1,2-dimethoxyethane (DME) (1:1 v/v) with 1 wt% LiNO3 as additive and 1M LiPF6 in 

ethylene carbonate /dimethyl carbonate (EC/DMC, 1:1 v/v). The Li || Li symmetric cells were 

assembled in the same way. Firstly, 2 mAh cm-2 amount of lithium was first deposited on Cu 

electrode using the current density of 0.2 mA cm-2, and then a fixed amount of Li (1 mAh 

cm-2) was stripped and plated at the current density of 1 mA cm-2 for cyclability tests. The 

rate performance tests of symmetric cells were carried out with a fixed amount of Li (1 mAh 

cm-2) at various current densities. Electrochemical impedances were measured using a 

CHI660E electrochemical station with a frequency range of 0.1 Hz to 100 kHz. 

Li ion diffusion coefficients were measured in a non-blocking symmetric cells, in which two 

fresh cut round Li chips (Φ5 mm) and 100 μL of electrolyte were used. To determine Li ion 

diffusion coefficients, steady-state potentiostatic polarization were conducted with an applied 
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voltage of 5 mV for desired times, followed by open circuit voltage (OCV) analysis of long-

term relaxation behavior of the cell potential.  

For full cell electrochemical performance measurement, Li@Cu anode electrodes and LTO 

cathode electrodes were paired in coin cells (CR2032) with Celgard 2325 separator using 40 

μL of electrolyte. Full cells were first activated at 0.2 C current densities for 5 cycles, and 

then cycled at 0.5 mA cm-2 current densities with a voltage window between 1 V and 2.5 V. 

The energy density was obtained by multiplying discharge areal capacity and discharge 

middle voltage. The energy efficiency was obtained through dividing discharge energy 

density by charge energy density. 

All temperature related electrochemical measurements were conducted using a humidity 

chamber. All cells were placed into the humidity chamber at different temperatures for at 

least two hours in advance to stabilize the inner temperatures of cells, the humidity was same 

with circumstance humidity. 

The in-situ optical observations were conducted using a homemade transparent cell. This 

transparent cell consists of one clean Cu foil acting as working electrode and one Li chip 

acting as counter/reference electrode. After adding 200 μL of electrolyte (1 M LiTFSI in 

DOL/DME (1:1 v/v) with 1 wt% LiNO3), this cell was sealed with a cover glass window. 

The cell was connected with a CHI660E electrochemical station for Li plating experiments. 

The Li nucleation processes were capture by an optical microscope (OLS-4000 OLYMPUS), 

and the plating profiles were recorded in real time. In high temperature measurement, the 

operation temperature of the transparent cell was regulated using a heating plate with the 

working temperature of 60 °C. 
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4.2.3 Characterization 

Field-emission scanning electron microscopy (FE-SEM, Zeiss Supra 55VP) was used to 

investigate the morphologies of the lithium nucleation and cycled electrodes. To prepare the 

cycled electrodes for SEM characterization, all the cells were disassembled in an Ar-filled 

glove box (MBRAUN) with water and oxygen levels less than 0.1 ppm, and then washed by 

DOL solvent twice and dried under vacuum. The washed electrodes were then mounted on 

the SEM Specimen stubs and sealed in Ar-filled transfer vessels for immediate SEM 

observation. All cryogenic TEM characterizations were carried out using a FEI Titan 80-300 

environmental (scanning) transmission electron microscope operated at an accelerating 

voltage of 300 kV. The instrument is equipped with an aberration corrector in the objective 

lens, which was tuned before each sample analysis. To prepare the cryo-EM sample, coin 

cells were assembled using 300 mesh Cu transmission electron microscopy (TEM) grids as 

the working electrode. After Li metal was deposited on the TEM grid, cells were immediately 

disassembled in the glovebox and TEM grids were washed with 1,3-dioxolane to remove Li 

salts. Once dry, the TEM grid with plated Li was placed in an Eppendorf tube and transferred 

out of the glovebox. The positive pressure inside the Ar-filled glovebox (and thus the 

Eppendorf tube) prevents air from leaking into the tube. The sealed Eppendorf tube was 

plunged quickly into a bath of liquid nitrogen (LN2), then quickly crushed with a bolt cutter 

while still immersed in LN2 to expose the Li metal to the cryogen. The TEM grid then 

carefully mounted onto a TEM cryo-holder (Gatan 626) using a cryo-transfer station to 

ensure this entire process occurred under LN2 immersion. During insertion into the TEM 

column (~1 second), a built-in shutter on the holder was closed to prevent contact of Li with 

air, while a LN2 dewar attached to the holder maintained the sample at cryogenic temperature. 
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In this way, the reactive battery material can be safely transferred from the coin cell to the 

TEM without any chance of reaction with ambient air. Once inside the TEM column, the 

sample is kept cold at –178 °C. 

4.2.4 Simulation 

In Chronoamperometry test, we obtained typical lithium nucleation curves using three 

different onset potentials that correspond to three current densities. According to Equation 

4.1, the three-dimensional instantaneous nucleation process controlled by the diffusion 

process is illustrate by the proportional trend between current I and t1/2, where M is molar 

mass, c is concentration of Li ion, and ρ is density of Li.275 By doing linear fit for I-t1/2 curves, 

we obtained the corresponding slope values. The relationship between slope value k and 

nuclei density N0 are shown in Equation 4.2. Then employing the values of slope k and 

diffusion coefficient D into Equation 4.3, we estimated the nuclei density N0. The results are 

summarized in Table 4.1. It is obvious that nucleation densities increase with decreasing 

temperature for both experimental statistics and simulated values. Accordingly, small lithium 

nuclei density at high temperature is unambiguous. 

In chronopotentiometry test, the nucleation overpotential 𝜂𝑐 can be described using Equation 

4.4, where ∆𝐺c is the nucleation Gibbs energy, 𝛾 is the surface energy of matrix-electrolyte 

interface, a is the geometric index, z is the charge number and e0 is the elementary charge.276 

We assume the nucleation Gibbs energy ∆𝐺c for the fixed volume of Li is a constant in the 

experimental temperature range. Therefore, the nucleation overpotential 𝜂𝑐 is proportional to 

𝛾3/2 according to Equation 4.5. The surface energy 𝛾 is smaller at higher temperature.277 

Consequently, the lithium nucleation overpotential 𝜂𝑐 decrease with increasing temperature.  
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The nuclei size 𝑟crit is described using Equation 4.6, where Vm is the molar volume of Li and 

F is Faraday’s constant. According to the simplified Equation 4.7, the nuclei size 𝑟crit is 

enlarged due to the decrease of surface energy when temperature increases. The mass-transfer 

overpotential 𝜂𝑑 can be expressed using Equation 4.8, where R is molar gas constant, 𝛿𝑁 is 

the diffusion layer thickness and D is the diffusion coefficient.278 According to Equation 4.8, 

both temperature and diffusion coefficient influence the mass-transfer overpotential. Since 

the thickness of diffusion layer 𝛿𝑁 is proportional to the cubic root of diffusion coefficient D 

(Equation 4.9). Hence, we obtained the direct relationship between the mass-transfer 

overpotential 𝜂𝑑  and temperature T as well as diffusion coefficient D in the simplified 

Equation 4.10. When diffusion coefficient values and temperature values are introduced, the 

mass-transfer overpotentials at 40 °C, 20 °C, 0 °C and -20 °C are described as terms of that 

at 60 °C (Equation 4.11, 4.12, 4.13, 4.14). Therefore, we estimated the mass-transfer 

overpotentials at 40 °C, 20 °C, 0 °C and -20 °C based on the mass-transfer overpotential at 

60 °C. For both low current density and high current density conditions, we also did the 

simulation and summarized the results in Table 4.2. In conclusion, lower nucleation 

overpotential denotes larger crystal size, and lower mass-transfer overpotential means facile 

lithium growth after nucleation stage, thus resulting in compact and smooth lithium 

deposition layer.  
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d,0 d,602.42 
                                                                                               Eq 4.13 

d,-20 d,605.02 
                                                                                             Eq 4.14 

4.3 Results and Discussion 

4.3.1 Li nucleation behavior 

We first elucidate the differences of Li nuclei layers at various temperatures and current 

densities using Li || Cu half cells in ether-based electrolyte (1M lithium bis 

(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane/1,2-dimethoxymethane 

(DOL/DME, 1:1 v/v) with 1 wt % LiNO3). To investigate the morphologies of Li nuclei 

layers, a fixed areal capacity of 0.1 mAh cm-2 was used, which exactly fulfilled the initial Li 

nucleation processes. As shown in scanning electron microscope (SEM) images (Figure 4.1) 

and statistic histograms (Figure 4.2), Li nuclei size decreases significantly and Li nucleation 

density increases remarkably with the increase of current density at the fixed temperature, 

which is well consistent with previous research.242 Notably, we discovered a thermal-

phenomena pertaining to Li nucleation behavior. By elevating temperature from -20 °C to 

60 °C, the Li nuclei show enlarged size and decreased density at the same current density. 

For instance, at the current density of 0.05 mA cm-2, Li nuclei are discrete and compact at 

60 °C (Figure 4.1). While at 20 °C, Li nuclei become smaller and denser. As the temperature 

further decreases to -20 °C, the Li nuclei become even smaller and more crowded. The 

statistic histograms more clearly elucidate the dramatic changes of Li nuclei size and 

nucleation density (Figure 4.3a). At 0.05 mA cm-2 and -20 °C, the Li nuclei size and nuclei 

density are 1.4 μm and 4.0 × 106 nuclei cm-2, respectively. In contrast, the nuclei size 
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increases twenty times and the nucleation density drops to one percent as temperature 

increases from -20 °C to 60 °C. The same tendencies were also observed when we varied the 

current density (Figure 4.3). Upon the systematical ex situ SEM observations, we identified 

that high temperature favored large and sparse Li nuclei formation. In carbonate electrolyte 

(1M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v)), we also observed 

Li deposition film became more compact at higher temperature (Figure 4.4), indicating the 

universal influence of temperature on Li nucleation behavior. 

 

Figure 4.1 SEM images of Li nucleus layers at varied current densities and temperature 

conditions with the capacity limitation of 0.1 mAh cm-2. 
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Figure 4.2 Statistic histograms of nuclei size and nucleation density with the areal capacities 

of 0.1 mAh cm-2 at (a) 60 ℃, (b) 40 ℃, (c) 20 ℃, (d) 0 ℃ and (e) -20 ℃. These statistic 

results distinctly exhibited the significant decrease of Li nuclei size and remarkable increase 

of Li nucleation density with the increase of current density at fixed operation temperature. 
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Figure 4.3 Statistic histograms of nuclei size and nucleation density at different Li plating 

current densities: (a) 0.05 mA cm-2, (b) 0.5 mA cm-2 and (c) 5 mA cm-2. Li nucleus show 

enlarged size and decreased density with temperature increasing at the same current density. 
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Figure 4.4 SEM images of Li deposition layer at various current densities and different 

operation temperature with the capacity of 0.1 mAh cm-2 in carbonate electrolyte. (1M LiPF6 

in EC/DMC, 1:1 v/v). 

From Figure 4.1, 4.2 and 4.3, we found that high temperature performed a similar role on the 

morphology of Li deposition layer as that of low current density. Generally, low effective 

current density creates a minimal and stable ionic concentration gradient, consequently, the 

Li ion concentration in the vicinity of Cu current collector is high enough to suppress Li 

dendrite formation at Sand’s time. At high temperature, the enhanced Li ion diffusion ability 

in the electrolyte demonstrates the fast mobility of Li ion from bulk electrolyte to the interface 

of current collector. Therefore, ionic concentration gradient is diminished similarly, and the 

high ionic concentration in the vicinity of Cu current collector is guaranteed. As a result, Li 

layers plated at high temperature exhibit similar morphologies as that at low current density. 
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4.3.2 Chronoamperometry analysis 

As a conventional method for quantifying electrochemical nucleation, chronoamperometry 

has been used to model heterogeneous nucleation behavior.279 Therefore, we further 

investigated Li nucleation density under the influence of temperature by chronoamperometry 

measurements. Typical Li nucleation curves were obtained by employing three different 

onset potentials that correspond to three deposition current densities (0.05, 0.5 and 5 mA cm-

2) (Figure 4.5). The well-defined proportional trend between the current (I) and the root of 

time (t1/2) illustrated that Li nucleation behavior followed three-dimensional instantaneous 

model (Figure 4.6).275 In order to eliminating systemic deviation that caused by diffusion 

gradient, we did simulation by introducing diffusion coefficient and slope value of I-t1/2 curve 

into nucleation model at a low current density (0.05 mA cm-2). The detailed modeling and 

simulation are described in the experiment section. As shown in Figure 4.7b and Table 4.1, 

nucleation densities obtained from both experimental statistic and model simulation decrease 

dramatically with increasing temperature, clearly proving the degressive Li nucleation 

density at ascending temperature. 

Table 4.1 Experimental and simulated nucleation densities at different temperatures  

Temperature (°C) 0.05 mA cm-2 
 

Experimental (cm-2) Simulated (cm-2) 

60 3.18E+04 3.00E+04 

40 9.80E+04 9.40E+04 

20 2.33E+05 1.85E+05 

0 4.42E+05 2.96E+05 
 

Experimental (cm-2) Simulated (cm-2) 

-20 4.80E+06 3.33E+06 
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Figure 4.5 Li nucleation curves of chronoamperometry measurements at different 

temperatures: (a) 60 ℃, (b) 40 ℃, (c) 20 ℃, (d) 0 ℃ and (e) -20 ℃. 
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Figure 4.6 I - t1/2 fitting curves of chronoamperometry measurements of lithium nucleation 

at different temperatures: (a) 60 °C, (b) 40 °C, (c) 20 °C, (d) 0 °C and (e) -20 °C. 

 

 

 



107 

 

4.3.3 Chronopotentiometry analysis 

 

Figure 4.7 (a) Statistic histograms of Li nuclei size and nucleation density for Li plating at 

0.05 mA cm-2. (b) Tendencies of Li nucleation densities with temperature. (c) 

Chronoamperometric comparison of Li nucleation at varied temperature at 0.05 mA cm-2. (d) 

Tendencies of nucleation overpotentials and experimental and simulated mass-transfer 

overpotentials with temperature. 

Chronopotentiometry measurements were also conducted to evaluate Li nucleation property. 

All the voltage-capacity profiles exhibit voltage dips at the beginning of Li nucleation and 

followed by voltage plateaus (Figure 4.7c). The value between the bottom of voltage dip and 

the flat part of voltage plateau represents the Li nucleation overpotential, which identifies the 
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degree of lithiophilicity on the current collector surface.280 Li nucleation overpotential 

significantly decreased as the temperatures increased from -20 °C to 60 °C, illustrating the 

lowest nucleation energy barrier and the best lithiophilicity at 60 °C. Furthermore, the 

plateaus depict the mass-transfer overpotential, which are mainly determined by the current 

density and the migration properties of Li ions in electrolyte. The lowest mass-transfer 

overpotential has been found at 60 °C at the same current density, indicating the facile Li 

nucleation growth process at high temperature. The enhanced lithiophilicity facilitated the Li 

formation of embryos on current collector, and the depressed mass-transfer overpotential 

further strengthened the nuclei growth, thus contributing to large Li nuclei size at elevated 

temperature. In addition, the decreasing tendencies of nucleation overpotential and mass-

transfer overpotential with increasing temperature were well demonstrated by simulations 

(Figure 4.7d, 4.8, 4.9 and Table 4.2), illustrating large Li nuclei induced by thermal elevation. 

Table 4.2 Experimental and simulated mass-transfer overpotentials at different 

temperatures and current densities 

Temperature 

(°C) 
0.05 mA cm-2 0.5 mA cm-2 5 mA cm-2 

 
Experimental 

mass-transfer 

overpotential 

(mV) 

Simulated 

mass-transfer 

overpotential 

(mV) 

Experimental 

mass-transfer 

overpotential 

(mV) 

Simulated 

mass-transfer 

overpotential 

(mV) 

Experimental 

mass-transfer 

overpotential 

(mV) 

Simulated 

mass-transfer 

overpotential 

(mV) 

60 7.2 7.2 11.9 11.9 60.1 60.1 

40 10.0 8.7 15.0 14.4 71.0 72.6 

20 12.2 13.2 20.6 22.0 111.9 109.8 

0 18.0 17.4 33.0 29.0 150.0 145.2 

-20 35.0 36.0 66.0 59.5 319.2 300.0 
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Figure 4.8 (a) Chronoamperometric comparation of Li electrodeposition at varied 

temperature with the current density of 0.5 mA cm-2. (b) Tendencies of nucleation 

overpotential, experimental and simulated mass-transfer overpotential with temperature at 

0.5 mA cm-2. 

 

Figure 4.9 (a) Chronoamperometric comparation of Li electrodeposition at varied 

temperature with the current density of 5 mA cm-2. (b) Tendencies of nucleation overpotential, 

experimental and simulated mass-transfer overpotential with temperature at 5 mA cm-2. 
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4.3.4 In situ optical observation 

To better understand the mechanism of Li nuclei layer changes, we conducted in situ optical 

observation to visualize the critical Li crystallization and nucleation processes. Figure 4.10a 

and video 4.1, 4.2 show the in vivo Li nucleation growth processes at 60 °C and 20 °C at the 

same current density (0.5 mA cm-2). The vivid videos display that numerous Li embryos 

emerged within transient time (~10s) at both 60 °C and 20 °C, clearly certifying the 

instantaneous nucleation procedure as predicted by previous investigations.281-282 In the video 

4.1 and 4.2, Li nuclei generated concurrently as the plating profile passed the voltage dip, 

indicating the necessary overpotential of metallic Li heterogeneous deposition. The 

following voltage plateau signified Li nuclei growth, which was clearly revealed by the 

gradual accretion on Li nuclei size. Larger and sparser Li nuclei were observed at 60 °C 

compared with that at 20 °C from the snap image at 60s (Figure 4.10a). At 60 °C, large Li 

nuclei gradually grew up and expanded, and large amounts of interspaces were still visible 

at 720s. Although the growth of Li nuclei was distinct at 20 °C, the nuclei overlaps were 

clearly observed after 480s. In situ optical observations successfully correlate SEM 

observation and simulation analysis, demonstrating that the discriminations of Li nucleation 

were influenced by temperature from the very beginning. 
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Figure 4.10 (a) In situ optical snap images of Li nucleus growth at 60 °C and 20 °C, 

respectively. (b) Schematic illustration of proposed Li nucleus generation and growth 

mechanism. 

Accordingly, we proposed the temperature-dependent Li nucleation and growth mechanism. 

As shown in the schematics (Figure 4.10b), excellent lithiophilicity enhanced interactions 

between Li ions in electrolyte and current collector at elevated temperature (e.g. 60 °C). This 

effect leads to the gathering of large amount of Li ions on the surface of current collector, 

thus resulting in large Li nuclei formation in the initial stage. Meanwhile, the high mobility 

of Li ions ensured swift migration to the separated Li nuclei points. As plating continues, 

large and sparse Li nuclei grow gradually until they fuse with their neighbors. Ultimately, a 

compact Li deposition layer forms after further plating. In contrast, at room temperature (e.g. 
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20 °C), the contact between Li ions and current collector is weakened by poor lithiophilicity. 

Therefore, small Li nuclei generated because limited Li ions gathered simultaneously. 

Meanwhile, sluggish mobility of Li ions contributed to dense Li nuclei because Li ions were 

easily captured by nearby nuclei points. Inevitability, further Li deposition easily results in 

the overlap of Li nuclei and the generation of Li dendrites. Notably, the Li ions diffusion 

coefficients are greatly increased at elevated temperature (Figure 4.11). The Li ions diffusion 

coefficient at 60 °C (1.05 × 10-5 cm-2 s-1) shows 3 times higher than that at 20 °C (3.4 × 10-6 

cm-2 s-1), and 17 times higher than that at -20 °C (6.1 × 10-7 cm-2 s-1). The migration of Li 

ions through SEI is also promoted according to the significant decrease of charge transfer 

resistance (Rct) with the increase of temperature (Figure 4.12, Table 4.3). Furthermore, the 

strengthened Li ion de-solvation ability at high temperature has been demonstrated.283 As a 

result, fast Li ions diffusion and migration abilities and enhanced Li ion de-solvation 

performance synergically contribute to large and sparse Li nuclei generation and compact Li 

deposition layer formation. This strongly supports the temperature-dependent Li nucleation 

and growth mechanism. 

Table 4.3 Charge transfer resistance (Rct) of Li || Cu half cells at different temperatures  

Temperature (°C) Charge transfer resistance (Rct) (Ω) 
 

1st cycle 5th cycle 10th cycle 20th cycle 

60 14.97 13.46 11.91 10.99 

40 35.32 25.09 24.78 24.85 

20 59.42 61.77 60.36 60.63 

0 153.73 155.68 156.41 156.12 

-20 592.30 232.91 
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Figure 4.11 Fitting results of long-term relaxation behaviors of the non-blocking symmetric 

cells at (a) 60 ℃, (b) 40 ℃, (c) 20 ℃, (d) 0 ℃ and (e) -20 ℃. (f) Measured ion diffusion 

coefficients at different temperatures. 
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Figure 4.12 Electrochemical impedance spectra of Li || Cu half cells at different temperatures: 

(a) 60 ℃, (b) 40 ℃, (c) 20 ℃, (d) 0 ℃ and (e) -20 ℃. The current density is 0.5 mA cm-2 

and the areal capacity is 1 mAh cm-2. 
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4.3.5 Observation of Li deposition layer  

For further investigation, the Li deposition layers with high areal capacities at different 

temperatures were systematically observed (Figure 4.13-4.16). At 60 °C, the compact and 

smooth lithium layer was found at 0.5 mA cm-2 with the areal capacity of 1 mAh cm-2. Large 

area of blank Cu foil surface was still visible among Li agglomerates (Figure 4.13). This 

confirmed that compact and packed Li occupied minimal space and possessed very low 

surface area which minimized SEI formation. After increasing the areal capacities, similar 

lithium layers were also observed except the disappearance of blank Cu foil (Figure 4.14). 

By contrast, the Li deposition layer formed at 20 °C consisted of large amount of twisted 

dendritic Li as well as massive interspaces. When the temperature down to -20 °C, thick Li 

dendrites and particles with more vacancies were observed on Li deposition layer. The 

accretion of Li deposition layer with high areal capacity can be clearly observed from the 

cross-section SEM images in Figure 4.15. The texture of lithium layers obtained at 60 °C 

was compact and smooth despite the areal capacity increasing. Whereas, plenty of Li 

dendrites grew into protuberances at 20 °C and -20 °C with the increase of the Li deposition 

capacity. As shown in Figure 4.16, the Li deposition layer obtained at 60 °C was still compact 

after 5 cycles, and Li metal could be totally stripped in the following stripping process. In 

contrast, massive SEI layers and ‘dead’ Li were observed at 20 °C and -20 °C after the 5th 

cycle stripping. The porous and dendritic Li deposition layers induce increased consumption 

of electrolyte and Li due to the SEI formation at 20 °C and -20 °C. Noteworthily, the 

significant changes of component and nanostructure of SEI layers at varied temperatures 

were clearly demonstrated using Cryo-EM characterization (Figure 4.17). The SEI formed at 

20 °C was an amorphous polymeric interphase, while the SEI formed at 60 °C consisted of 
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an amorphous polymeric interphase and an inorganic Li2O outer layer. In addition, the 

thickness of SEI layer increases from 17 nm at 20 °C to 23 nm at 60 °C.  

 

Figure 4.13 SEM images of lithium deposition layers with the areal capacity of 1 mAh cm-

2, the plating current density is 0.5 mA cm-2. 

 

Figure 4.14 SEM images of lithium deposition layers with large areal capacities, the plating 

current density is 0.5 mA cm-2.  
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Figure 4.15 Cross-section SEM images of Li deposition layers with various areal capacities. 

The plating current density is 0.5 mA cm-2.  

 

Figure 4.16 SEM images of the anodes after the 5th cycle plating and stripping. The current 

density is 0.5 mA cm-2 and the areal capacity is 1 mAh cm-2. 
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Figure 4.17 Cryo-EM images of SEI formed at (c) 60 °C and (d) 20 °C. 

4.3.6 Electrochemical performance 

To evaluate the electrochemical performances of Li anodes at varied temperatures, the Li || 

Cu half cells using Li anodes and Cu counter electrodes were tested at 0.5 mA cm-2 with the 

areal capacity of 1 mAh cm-2 (Figure 4.18). A quadruple enhancement of cyclability was 

obtained by increasing the temperature from 20 °C to 60 °C, and the average Coulombic 

efficiency at 60 °C was enhanced to 98.9% from that of 97.7% at 20 °C. Furthermore, the 

electrochemical performance improvements of the cells led by temperature elevation showed 

similar trends at increased current densities and higher areal capacities (Figure 4.19 and 4.20). 

Apart from the compact and uniform texture of Li deposition, the high Coulombic efficiency 

and long cycling life at high temperature were further warranted by the thicker multilayered 

SEI formed at 60 °C, since the stable Li2O layer more effectively passivated the anode. In 

Figure 4.18b and 4.21, the corresponding voltage profiles showed reduced overpotentials 

during Li plating/striping at elevated temperature, which was attributed to the enhanced Li 

ion migration ability and reduced resistance at high temperature.  
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Figure 4.18 (a) CEs of Li plating/striping on Cu at different temperatures. (b) The first cycle 

voltage profiles of Li plating/striping. (c) Charge/discharge voltage profiles of Li || Li 

symmetric coin cells. (d) Energy density and energy efficiency of Li || LTO full cells at 60 °C 

and 20 °C. (e) The charge/discharge voltage profiles of Li || LTO full cells at 60 ℃ (red 

curves) and 20 ℃ (dark teal curves). 
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Figure 4.19 Coulombic efficiencies of Li plating/striping on Cu foil at high current densities. 

The areal capacities are 1 mAh cm-2. 

The influence of temperature on the electrochemical behaviors of Li anodes were further 

evaluated using Li || Li symmetric cells. In Figure 4.18c, the symmetric cells operated at 

60 °C exhibits long life span, which is more than double of that at 20 °C. They also show the 

lowest overpotential and the best cyclability at different current densities at 60 °C (Figure 

4.22). The symmetric cells always show very low and stable charge/discharge overpotentials 

at 60 °C even the current density varied 25 times (from 0.2 mA cm-2 to 5 mA cm-2). In contrast, 
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the charge/discharge overpotentials fluctuate at high current density (>0.5 mA cm-2) when 

the temperature reduces below 20 °C.  

The significantly improved electrochemical performances of symmetric cells at elevated 

temperature are consistent with the results of Li || Cu half cells. In general, low Coulombic 

efficiency and poor cyclability of Li anodes are caused by the formation of SEI and the 

accumulation of ‘dead’ Li upon cycling. Based on the above testing results, we confirm that 

high temperature benefits reversible Li plating/stripping, retards the side reaction of SEI 

formation and effectively suppresses the accumulation of ‘dead’ Li. 
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Figure 4.20 Coulombic efficiencies of Li plating/striping on Cu foil with high areal 

capacities. 
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Figure 4.21 The 30th cycle voltage profiles of Li plating/striping at 0.5 mA cm-2. 

 

Figure 4.22 Rate performance of galvanostatic discharge/charge voltage profiles of Li || Li 

symmetric cells with the capacity of 1 mAh cm-2. 

As a proof of concept, we assembled Li || Li4Ti5O12 (LTO) full cells to examine their thermal 

characteristics. Li was pre-deposited on Cu foil with a fixed capacity of 5 mAh cm-2 and used 

as the anode. The full cells were tested at 0.5 mA cm-2 at 60 °C and 20 °C, respectively. In 

Figure 4.18d, the first discharge energy densities of full cells have been improved from 233 

W h kg-1 to 255 W h kg-1 as the operation temperature increased from 20 °C to 60 °C. 

Furthermore, the cycle life of full cell is significantly prolonged, and the energy efficiency is 

distinctly enhanced at 60 °C. The improved energy density at high temperature is contributed 
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by the reduced discharge overpotentials and increased discharge specific capacity (Figure 

4.18e and 4.23). Considering that a novel effective device has been reported to improve the 

performances of batteries at low temperature284, promoting the performances of Li metal-

based full cells efficiently at high temperature is practicable. 

 

Figure 4.23 Specific capacities and coulombic efficiencies of Li || LTO full cells tested at 

60 ℃ and 20 ℃. 
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4.4 Summary 

In conclusion, we discovered the crucial impact of temperature on the nucleation behavior 

and electrochemical performance of Li metal anodes. Ex situ and in situ microscope 

observations clearly demonstrated that larger Li nuclei formed on Cu foil with smaller 

nucleation density at higher temperature. The enhanced lithiophilicity and Li ion migration 

ability at elevated temperature were proved to facilitate the formation of large nuclei size 

with small nucleation density. Moreover, we obtained dendrite-free Li deposition layer with 

the areal capacity as high as 5 mAh cm-2 at 60 °C. The electrochemical performances of Li || 

Cu half cells and Li || Li symmetric cells show long cyclability, high Coulombic efficiency 

and low overpotential. In addition, Li || LTO full cells delivered outstanding performances at 

60 °C, which greatly surpassed the performances of the full cells at 20 °C. Therefore, 

elevating temperature has been proved to be an efficient and facile method for developing 

high-performance Li metal-based batteries. This strategy may also be extended for 

preventing dendrite growth in other rechargeable metal-based batteries. 
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CHAPTER 5 DENDRITE-FREE SODIUM METAL BATTERIES 

ENABLED BY THE RELEASE OF CONTACT STRAIN ON 

FLEXIBLE AND SODIOPHILIC MATRIX 

5.1 Introduction 

Owing to high theoretical specific capacity (1166 mAh g-1) and low electrode potential (-

2.71 V vs. standard hydrogen electrode), Na metal is considered as one of the most promising 

anode materials for rechargeable Na-based batteries.203,285-286 High-temperature Na-sulfur 

(Na-S) batteries with molten Na metal as anodes were well developed and commercialized 

since the 1960s.199 However, obstructed by the rigorous operating situation and severe safety 

issue, the widely practical application of high-temperature Na-S batteries was restricted. To 

address the inconvenience caused by high temperature operating condition, investigations for 

room-temperature (RT) Na metal batteries, such as  RT sodium-sodium metal oxide (Na-

NMO) batteries, RT Na-S batteries and RT sodium-oxygen (Na-O2) batteries, witnessed an 

emerging blossom recently.202,287-291 Besides, with the merits of low-cost and earth-abundant 

resources, Na metal batteries are becoming a powerful competitor to commercial lithium-ion 

(Li-ion) batteries for large-scale energy storage systems. However, due to the intrinsic active 

nature, the development of high-performance Na metal anodes still confronts many 

challenges.201,285-286 The formation of Na dendrites on the surface of Na metal anodes during 

cycling is one of the most severe problems. It induces poor electrochemical performance and 

safety issues, severely hindering the practical application of Na metal batteries.  

In recent progress, various strategies have been developed to address the critical issue of Na 

dendrite generation, which include employing electrolyte additives, constructing protective 
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interlayers, using 3D porous current collectors and creating sodiophilic interphases.216,292-294 

Significant progress has been made from the chemical technology aspects , and high-

performance Na metal anodes have been achieved in the recent decade.290-291,295-296 However, 

the mechanical impact of the substrates for Na deposition has been barely explored. 

Specifically, mechanical properties of substrates or current collectors were demonstrated 

having a significant influence on Li deposition behaviors. Substrates with excellent flexibility 

have been proven to be favorable for uniform Li deposition.297-300 In addition, mechanical 

phase-field modeling further manifested that Li dendrite growth could be mitigated on soft 

substrates through stress relaxation in the deposited Li film.298-299  Up to date, the mechanical 

engineering for dendrite-free Na metal anode is still in the infant stage, and it is essential to 

investigate the behaviors of Na deposition under mechanical influence.  

A few studies were devoted to the investigation of Na nucleation behavior, which is believed 

playing a critical role in Na deposition layer.301-302 However, the fundamental understandings 

for Na nucleation and the subsequent influence are still unclear. In comparison, considerable 

investigations have been noticed focusing on the Li nucleation process. Distinct nucleation 

characters, such as large nuclei, uniform nucleation and smooth surface film, were observed 

to be favorable for retarding Li dendrite.242,303-305 Based on thorough knowledge of nucleation, 

dendrite-free Li deposition was achieved through valid methods aiming to nucleation 

modification, which include introducing lithiophilic sites, enhancing surface diffusivity and 

stabilizing solid electrolyte interphase (SEI).116,306-308 As a counterpart in alkali metal 

batteries, Na metal anode is usually aligned with Li metal anode for the comparison of 

improved strategies. Therefore, the detailed characterization of Na nucleation behavior is 

critical for building high-performance Na metal batteries.   
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In this work, a porous reduced graphene oxide (PRGO) film was constructed and employed 

as a sodiophilic and soft substrate for dendrite-free Na deposition. Similar to improved 

lithiophilic property after Li-ion intercalation into carbon material, PRGO film was 

demonstrated equipping with sodiophilic property after Na-ion intercalation into RGO layers. 

X-ray photoelectron spectroscopy (XPS) and in-situ X-ray diffraction (XRD) results clearly 

illustrated sodium carbon compounds formed in graphene-based substrates facilitated 

uniform Na nucleation in the initial electroplating stage. In addition, the excellent flexibility 

of PRGO film effectively suppressed the deformation of metallic Na during electroplating, 

leading to compact and intact Na deposition layer with a capacity as high as 5 mAh cm-2. 

Physics simulation obviously disclosed the alleviated tension gradient of the Na deposition 

layer on PRGO film due to its small Young’s modulus, which was significantly different 

from the large tension gradient on the Na deposition layer on planar RGO film with high 

Young’s modulus. As a result, uniform and intact Na deposition behavior was observed on 

PRGO film with an average Coulombic efficiency of 99.5% for 800 cycles, which exhibited 

three times longer cyclability than that of planar RGO film and commercial Cu foil. 

Furthermore, when pairing with Na3V2(PO4)3 (NVP) cathodes, full cells with Na deposited 

on PRGO (Na@PRGO) anodes also delivered improved electrochemical performances, 

including specific capacity, cyclability and energy density, in comparison with planar RGO 

film and Cu foil. 
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5.2 Experimental Section 

5.2.1 Materials preparation 

Preparation of MnCO3 microsphere templates: MnCO3 microspheres were synthesized 

through a facile precipitation method. In specific, 100 mL NaHCO3 solution (0.125 M) was 

added to 100 mL MnCl2 solution (0.1 M) under vigorous stirring. After aging for one hour, 

the precipitate was collected by filtration, followed by washing with distilled water and 

ethanol three times. The obtained MnCO3 microspheres were then dried in a vacuum oven at 

80 °C overnight.  

Preparation of graphene oxide (GO) nanosheets suspension: GO was synthesized by an 

improved Hummer’s method. In specific, 3.0 g graphite was first added to a concentrated 

H2SO4/H3PO4 (360 mL/40 mL) mixture solution. After stirring for 5 minutes, 18.0 g KMnO4 

was slowly added to the above-mentioned solution. The solution was then heated to 50 °C 

under stirring for 12 hours. After cooling down to room temperature, the black sticky 

composite was poured into 400 mL ice containing 3 mL H2O2 (30%). By stirring overnight, 

the composite became storied. The supernatant was decanted away, and the precipitation was 

washed by centrifuge (4000 rpm for 20 minutes) with distilled water and ethanol for three 

times. The obtained GO product was dispersed in distilled water by ultrasonication for 1 hour. 

GO suspension was then purified by high-speed centrifuge (8000 rpm for 10 minutes). The 

final GO nanosheets suspension was obtained after dialysis for five days. 

Preparation of porous reduced graphene oxide (PRGO) film: GO/MnCO3 composite film 

was fabricated by a facile vacuum filtration method. In specific, MnCO3 microspheres (4 mg) 

were added into 5 mL GO nanosheets suspension with a concentration of 1 mg mL-1. After 
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sonication for 30 minutes, the mixture was filtrated using a PTFE membrane (Milipore) under 

vacuum for 12 hours. Then, GO/MnCO3 composite film was peeled off from the filtration 

membrane, followed by drying in a vacuum oven under 80 °C overnight. The dry GO/ 

MnCO3 film was cut into chips with a diameter of 12 mm for battery testing. GO/MnCO3 

chips were further calcinated at 600 °C under Ar atmosphere for 2 hours to obtain 

RGO/Mn3O4 composite chips. PRGO film was obtained by an acid etching method. In 

specific, RGO/Mn3O4 chips were immersed in 2 M HCl solution with continuous shaking for 

12 hours. Then, PRGO chips were washed with distilled water and ethanol several times. 

Finally, PRGO chips were dried in a vacuum oven at 80 °C overnight.  

Preparation of reduced graphene oxide (RGO) film: The RGO chips were fabricated by a 

similar method without using the MnCO3 microsphere template. In specific, 5 mL GO 

suspension with the concentration of 1 mg mL-1 was filtered under vacuum for 12 hours to 

obtain GO film. The GO film was peeled off and dried in a vacuum oven at 80 °C overnight. 

Similarly, the GO film was cut into 12 mm chips for battery testing. The final RGO chips 

were obtained through calcinating GO chips at 600 °C under Ar atmosphere for 2 hours. 

Preparation of Na3V2(PO4)3 (NVP) cathode material: NVP cathode material was synthesized 

by a sol-gel method. In specific, NH4VO3, NH4H2PO4, Na2CO3 and oxalic acid were added 

to distilled water and ethyl alcohol solution followed by continuous stirring for 1 hour. The 

obtained gel was dried at 80 °C under vacuum overnight. The dry sample was thoroughly 

ground and annealed at 750 °C under Ar atmosphere for 8 h to obtain the final NVP material. 

The NVP material was mixed with polyvinylidene fluoride and carbon black with a weight 

ratio of 8:1:1 in N-methyl-2pyrrolidone. Then, the obtained slurry was pasted onto an Al foil 
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followed by drying in a vacuum oven at 80 °C overnight. The mass loading of the as-prepared 

NVP cathode electrode is about 1.4 mg cm-2. 

5.2.2 Characterization 

The morphologies of Na nucleation and deposition layers on different substrates were 

investigated using Field-emission scanning electron microscopy (FE-SEM, Zeiss Supra 

55VP). The electrodes for SEM characterization were obtained by disassembling the cycled 

cells in an Ar-filled glove box (MBRAUN) with water and oxygen less than 0.1 ppm, 

followed by washing the electrodes with 1,3-dioxolane (DOL) solvent two times and drying 

under vacuum. The treated electrodes were mounted onto SEM specimen stubs in the glove 

box. To avoid contacting with oxygen and moisture, all the prepared Na metal electrodes 

were sealed in an air-tight transfer box for immediate SEM observation.  

X-ray diffraction (XRD) measurements were conducted using a Bruker D8 Discover X-ray 

diffractometer with Cu Kα radiation. The scan rate of 4 degree min-1 was employed for data 

collection between 10° and 80°. For in situ XRD analysis, a Swagelok cell with a Be window 

accompanying with a CHI660E electrochemical station was used to carry out the discharge 

and charge testing. The capacity of 0.5 mA h cm-2 and current density of 0.5 mA cm-2 were 

employed to fulfill two discharge and charge cycles.  

X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Fisher K-Alpha+ XPS 

system equipped with mono-chromated Al Kα (energy: 1486.68 eV). For sample preparation, 

pristine RGO and PRGO films were analyzed without processing. Charged RGO and charged 

PRGO films were first obtained from cycled cells after discharge to 0.01 V and then charged 



132 

 

to 1.0 V, followed by washing with DOL solvent two times in an Ar-filled glove box. After 

drying under vacuum, the charged RGO film and charged PRGO film were analyzed.  

Topographies of RGO and PRGO films were investigated using a Park X7 atomic force 

microscopy (AFM) system. The force-distance (F/D) measurement was conducted using an 

AC160TS cantilever with force constant of 26 N m-1. Corresponding Young’s modulus was 

estimated in XEI program based on the extend curves. 

5.2.3 Electrochemical measurement 

Two-electrode coin cells (CR2032) were assembled in an Ar-filled glove box (MBRAUN) 

with water and oxygen less than 0.1 ppm to evaluate Coulombic efficiency (CE), cyclability 

and electrochemical impedance spectroscopy (EIS) of Na metal anodes. Cu foil, planar RGO 

and PRGO film substrates act as the working electrodes. The counter electrode was prepared 

by cutting from the Na foil with a diameter of 8.5 mm. The Na metal foil was prepared by 

roll pressing a Na chip between two pieces of Celgard 2500 separator to the desired thickness 

of 0.5 mm.  

The Celgard 2325 separator was used in half cell, symmetric cell and full cell testing. A fixed 

amount (25 μL) of electrolyte (1M sodium hexafluorophosphate (NaPF6) in diethylene glycol 

dimethyl ether (DEGDME)) was used in each coin cell. Batteries were first kept still for 5 h 

to stabilize the interface before testing.  

Galvanostatic charge/discharge measurements were conducted on Neware battery tester. For 

CE measurement, a fixed amount of Na (1 mAh cm-2, 2 mAh cm-2 or 5 mAh cm-2) was first 

deposited onto the substrates and then stripped away until the charge voltage reached to 0.5 
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V at different current densities (0.5 mA cm-2 to 5 mA cm-2). The Na || Na symmetric cells 

were measured in a similar way. Firstly, a fixed amount of Na (3 mA h cm-2 and 5 mA h cm-

2) was first deposited onto substrates at the current density of 1 mA cm-2, then a smaller 

amount of Na (1 mA h cm-2) was stripped and plated at the current density of 1 mA cm-2 for 

cyclability testing.  

In full cells, Na layers with the amount of 3 mA h cm-2 were first deposited onto three current 

collectors in half cells, followed by dissembling and washing with DEGDME solvent. The 

obtained Na metal anodes were paired with NVP cathodes in coin cells with 30 mL 

electrolyte (1M NaPF6 in DEGDME) and Celgard 2325 separator. Full cells were tested with 

a voltage range from 2.6 V to 3.6 V at the current density of 0.5 mA cm-2. The electrochemical 

impedance spectroscopy (EIS) measurements were conducted on a biologic VMP3 

electrochemical station over the frequency range of 100 KHz to 100 mHz with an amplitude 

of 5mV. 

5.2.4 Simulation 

Molecular dynamic simulation: For visual molecular dynamic simulation, the model of 

multilayer graphene nanosheets was first built using VMD. The interlayer space distance of 

graphene nanosheets was set 0.35 nm according to XRD measurement. The van der waals 

radii of Li ion (0.181 nm) and Na ion (0.227 nm) were employed to simulate their size in 

electric field. Electric filed was applied in the +Y direction to propel Li ion and Na ion. The 

simulation was conducted via NAMD program using periodic boundary condition in NVT 

ensemble. VMD program was used to visualize the differences between transfer processes of 

Li ion and Na ion. 
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Mechanics simulation: The tension simulation was carried out using COMSOL program. A 

2D model was first selected, then the physics field of solid mechanics from the structural 

mechanics was added. In the solid mechanics field, the stationary study was selected for this 

work. In the setting step, the micrometer unit was used. In the modeling step, a rectangular 

with the width of 6 μm and the height of 2 μm was built as the substrate, another rectangular 

with width of 6 μm and the height of 3 μm was built as the Na layer. Passion’s ratio of RGO 

and PRGO substrates was employed with 0.33, and the Young’s modulus were endued with 

4.6 GPa for RGO and 43 MPa for PRGO, respectively. The default material property of Na 

was used. With the contact model building in the solid mechanics field, the tension 

distribution was simulated after calculation.   

5.3 Results and Discussion 

5.3.1 PRGO characterization 

Three conductive substrates, PRGO films (Figure 5.1a and 5.1d), planar RGO films (Figure 

5.1b and 5.1e) and commercial Cu foils (Figure 5.1c and 5.1f), were used in this work to 

study the nucleation and growth mechanism of metallic Na. We discovered that metallic Na 

only deposition on the top of PRGO and planar RGO films. The results will be discussed 

later. PRGO film was synthesized through vacuum filtration combined with a hard template 

method. The MnCO3 microspheres (Figure 5.2a) were used as the template and prepared by 

a facile coprecipitation method.289 They were then mixed with the graphene oxide (GO) 

nanosheets suspension to form GO/MnCO3 composite. When the MnCO3 microsphere 

templates were used to mix with graphene oxide solution, the mixture solution would be 

sonicated to scatter MnCO3 microsphere templates and make them loosely packing. After 
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calcination at 600 °C for 2 hours under Ar/H2 atmosphere, GO converted to RGO and MnCO3 

microspheres converted into Mn3O4 microspheres. Owing to excellent interconnection 

between RGO sheets, an intact surface layer and a network of PRGO was formed by 

calcination process. Therefore, an RGO/Mn3O4 composite film (Figure 5.2b-c) was obtained 

after vacuum filtration followed by calcination under Ar/H2 atmosphere to reduce GO to 

RGO. The PRGO film was obtained after the removal of the templates through acid etching. 

The top-view and cross-section SEM images of PRGO film in Figure 5.1a and 5.1d showed 

an intact and porous framework after the removal of the templates. For comparison, a planar 

RGO film with the same areal density was also synthesized by a similar method without 

templates. As shown in Figure 5.1b and 5.1e, the RGO film showed a compact structure with 

a thickness of 2.6 μm, which is much thinner than that of the PRGO film (a thickness of 15 

μm). The swelled and interconnected skeleton would benefit PRGO film with better 

flexibility than planar RGO film but still maintained its mechanical strength, which was 

proved to be favorable for supporting dendrite-free metallic Na deposition (Figure 5.3). 

Moreover, in comparison with the commercial Cu foil, the areal density of PRGO and planar 

RGO films decreased remarkably (Figure 5.4), which would be a significant advantage for 

PRGO films used as current collectors in high-energy-density Na metal batteries. The 

average weight of PRGO film, planar RGO film and Cu foil are 0.16 mg per piece, 0.16 mg 

per piece and 11.8 mg per piece, respectively. The average weight of planar RGO films and 

PRGO films were less than 14 % of that of Cu foils. The reduced mass will be a significant 

advantage for PRGO films used as current collectors in high-energy-density Na metal 

batteries. 
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Figure 5.1 Top-view SEM images of (a) PRGO film, (b) planar RGO film and (c) Cu foil. 

Side-view SEM images of (d) PRGO film, (e) planar RGO film and (f) Cu foil. AFM 

topographies of (g) PRGO and (h) planar RGO film s. (i) Diagram of AFM force-distance 

test for PRGO and planar RGO films. 

 



137 

 

 

Figure 5.2 (a) SEM image of MnCO3 microsphere templates. (b) Top-view and (c) side-view 

SEM images of RGO/Mn3O4 composite.  
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Figure 5.3 Flexibility test for PRGO and planar RGO films. Pictures of (a) folded PRGO 

film and (c) retrieved PRGO film. Pictures of (b) folded planar RGO film and (d) retrieved 

planar RGO film. 

 

Figure 5.4 Weight measurement of PRGO films, planar RGO films and Cu foils. Pictures of 

weight measurement of (a) PRGO films, (b) planar RGO films and (c) Cu foils.  
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We further used atomic force microscopy (AFM) technology to obtain the surface 

topography of PRGO and planar RGO films in detail. From Figure 5.1g and 5.1h, we 

observed that PRGO and planar RGO films both showed rough surface. In specific, the 

surface of PRGO film consists of hills on its top layer, which is the results of the replication 

of the Mn3O4 microsphere templates. While, planar RGO film is shaped with ravines, which 

are from the shrinkage of graphene layers during calcination. Although different 

topographies were observed on PRGO and planar RGO films, their surfaces were both intact 

without obvious crevice. We also measured the mechanical properties of PRGO and planar 

RGO films using the force-distance (F/D) function of AFM. As shown in figure 5.1i, the F/D 

curve of planar RGO film exhibited much larger slope in comparison with that of PRGO film, 

which indicated that planar RGO film is more rigid than PRGO film. Furthermore, planar 

RGO film had a much larger Young’s modulus (4.6 GPa) than that of PRGO film (43 MPa). 

The small Young’s modulus of PRGO film further proved its good elasticity and flexibility, 

owing to its unique porous microstructure. 

5.3.2 Na nucleation observation 

Previous studies demonstrated that the sodiophilic property of substrates significantly 

influence the Na nucleation and growth behaviors.204,206 For carbon-based substrates, recent 

study demonstrated that the formation of LiC6 during the initial Li-ion intercalation into 

carbon substrate resulted in the lithiophilic merit.309 Similarly, we discovered that improved 

sodiophilic property was introduced when Na-ions intercalated into graphene layers during 

the initial discharge/charge process. In situ X-ray diffraction (XRD) measurements were 

conducted to identify the structural change of PRGO film, planar RGO film and Cu foil 
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during plating/stripping of Na-ion/Na in the first two cycles (Figure 5.5a-b and Figure 5.6). 

The emerging peaks located at 29.8° were assigned to Na metal. Meanwhile, the peaks 

located at 26.9° and 28.4° (Figure 5.5c and Figure 5.7) were assigned to NaC64 compound 

(according to XRD card 00-017-0108), which demonstrated the intercalation of Na-ions into 

graphene layers.  Actually, a little NaC32 compound was also observed in the XRD result. 

Although the intensity of NaC64 decreased during the sodium stripping process, the NaC64 

peaks were still distinct after two cycles. In addition, the chemical compositions of PRGO 

and planar RGO films after sodiation (being discharged to 0.01 V and then charged to 1.0 V) 

were further investigated by X-ray photoelectron spectroscopy (XPS). As shown in Figure 

5.5c and Figure 5.8, the strong Na 1s peak on PRGO film indicated Na-ion intercalated into 

graphene layers.  

According to the introduction of Auger electron spectroscopy,310 the Na KLL Auger peak 

represents the kinetic character of Na ions. Even the Na ions are buried under carbon, Na 

KLL Auger peak may still be observed. The obvious Auger peaks of Na KLL further 

confirmed the massive embedded Na ions in sodiated planar RGO film and sodiated PRGO 

film. This rendered PRGO film a sodiophilic substrate and facilitate uniform sodium 

deposition. For planar RGO film, we observed similar changes in the XPS patterns (Figure 

5.7-5.8). The continuous existence of NaC64 compounds manifested the sodiophilic property 

of PRGO and planar RGO films functioned in the entire lifespan. It is convinced that 

sodiophilic compound NaC64 will contribute to uniform sodium deposition layers on PRGO 

and planar RGO films. 
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Figure 5.5 In-situ XRD patterns of Na deposition on (a) Cu foil and (b) PRGO film for the 

first two cycles. (c) XPS patterns of Na 1s and Na ML on PRGO film before and after Na-

ion intercalation. SEM images of Na nucleation on (d) (e) Cu foil, (f) (g) planar RGO and (h) 

(i) PRGO. 
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Figure 5.6 In situ XRD patterns of metallic Na deposition on planar RGO film during the 

first two cycles.  

 

Figure 5.7 XPS surveys of (a) RGO and (b) PRGO films before and after Na ion intercalation.  

 

As shown in figure 5.7, except the typical C 1s and O 1s peaks on XPS survey pattern, Na 

peaks were clearly observed on charged-PRGO and charged-RGO patterns after the 
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intercalation process with charging to 1 V then discharging to 0.01V. In contrast, no Na peaks 

were found on pristine PRGO and pristine RGO patterns. 

The similar tendency of NaC64 peaks following Na plating/stripping was also proved on 

planar RGO film. The maintenance of NaC64 manifested that Na atoms existed all along Na 

plating/stripping processes due to the strong bonding between embedded Na atoms and 

graphene layers. As a result, sodiophilic property functioned in the entire lifespan of planar 

RGO and PRGO substrates. 

 

Figure 5.8 XPS patterns of Na 1s and Na ML on RGO film before and after Na ion 

intercalation. 

In order to probe the role of sodiophilic compounds, the nucleation and growth behaviors of 

metallic Na on three substrates were investigated by scanning electron microscope (SEM). 

Figure 5.5d, 5.5f and 5.5h showed the morphologies of Na nucleation with the capacity of 

0.3 mAh cm-2 at the current density of 1 mA cm-2. The Na deposition layer was rough on Cu 

foil but uniform on planar RGO and PRGO films. We also noticed that some Na knots formed 

on Cu foil and some crevices appeared among Na deposition layer on planar RGO film. As 
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the capacity increased to 0.5 mAh cm-2 (Figure 5.5e, 5.5g and 5.5i), Na knots grew into 

protuberances on Cu foil, and crevices became cavities in Na deposition layer on planar RGO 

film. In contrast, uniform and compact Na deposition layer maintained on PRGO film. 

Therefore, it is obvious that carbon-based substrates (planar RGO and PRGO) benefit 

uniform Na deposition due to their sodiophilic property. However, crevices were still 

observed when Na deposited on planar RGO film, which could be caused by inferior 

flexibility of planar RGO film. A detailed explanation will be given in following discussion. 

5.3.3 Characterization of Na deposition layer 

We further increased the deposition capacity to 1 mAh cm-2 and investigated Na growth 

behavior under repeated plating/stripping. As shown in the top-view and cross-section SEM 

images in Figure 5.9, the rough and ramified Na dendrites was observed clearly on Cu foil 

(Figure 5.9a and 5.9b), and cavities proliferated distinctively in the Na deposition layer on 

planar RGO film (Figure 5.9e and 5.9f). In contrast, the morphology of Na deposition layer 

on PRGO film was still uniform and intact (Figure 5.9i and 5.9j). Moreover, the thickness of 

PRGO film decreased from 15 μm to 10 μm after Na deposition (Figure 5.1d and 5.9j). As 

the capacities increased to 2 mAh cm-2 and 5 mAh cm-2 (Figure 5.10), Na dendrite became 

thicker and multilayered Na dendrites generated on Cu foil. The cavities became crowded 

and connected with each other by forming cracks in Na deposition layer on planar RGO film. 

However, dendrite-free and compact Na deposition layer was still maintained on PRGO film. 

After 10 cycles and 100 cycles with the plating/stripping capacity of 1 mAh cm-2, we 

observed similar morphologies of Na deposition on these substrates (Figure 5.9 and Figure 

5.11). 
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Figure 5.9 Top view and cross-section SEM images of Na and Li deposition on different 

substrate with the capacity of 1 mAh cm-2 at the current density of 1 mA cm-2. Na deposition 

on a-d) Cu foil, e-h) planar RGO film and i-l) PRGO film in the 1st cycle and 10th cycle. m-

p) Li deposition on PRGO film in the 1st cycle and 10th cycle. 

Ramified Na became more severe on Cu foil after cycling. The cavities of Na deposition 

layer on planar RGO film proliferated massively, and lots of them connected with each other 

and constituted a spongy Na texture. Nevertheless, compact and uniform Na deposition layer 
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was retained on PRGO film. In addition, the framework of PRGO still maintained good 

microstructure during cycling, which verified its excellent flexibility.  

 
Figure 5.10 SEM images of sodium deposition on (a) Cu foil, (b) planar RGO film and (c) 

PRGO film at the current density of 1 mA cm-2 with the capacity of 2 mAh cm-2. SEM images 

of sodium deposition on (d) Cu foil, (e) planar RGO and (f) PRGO at the current density of 

1 mA cm-2 with the capacity of 5 mAh cm-2. 

 
Figure 5.11 SEM images of Na plating on (a) Cu foil, (b) planar RGO film and (c) PRGO 

film at the current density of 1 mA cm-2 with the capacity of 1 mAh cm-2 after 100 cycles. 
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After stripping the Na deposition layers from the substrates with the plating/stripping 

capacity of 1 mAh cm-2, residual Na or ‘dead’ Na was clearly observed on Cu foil and RGO 

film (Figure 5.12). In comparison, the compact Na deposition layer completely stripped off 

from PRGO film and no obvious residual Na was found on the substrate (Figure 5.12). Even 

after 10 cycles and 100 cycles, the PRGO film maintained clean surface and unimpaired 

structure after stripping process (Figure 5.13). As the plating/stripping capacity increased to 

5 mAh cm-2, more residual Na were found on Cu foil and planar RGO film after stripping 

process (Figure 5.14). The residual Na was attributed to non-dense texture of Na deposition 

layers, in specific, dendritic Na on Cu foil and porous Na layer on planar RGO film. In 

contrast, clean surface was still observed on intact PRGO film after Na stripping, which 

demonstrated the outstanding capability of PRGO to support high capacity Na deposition. 

 
Figure 5.12 SEM images of sodium stripping from (a, d) Cu foil, (b, e) planar RGO film and 

(c, f) PRGO film at the current density of 1 mA cm-2 with the capacity of 1 mAh cm-2. 
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Figure 5.13 SEM images of Na stripping from (a) Cu foil, (b) planar RGO film and (c) PRGO 

film at the current density of 1 mA cm-2 with the capacity of 1 mAh cm-2 after 10 cycles. 

SEM images of Na stripping from (d) Cu foil, (e) planar RGO film and (f) PRGO film at the 

current density of 1 mA cm-2 with the capacity of 1 mAh cm-2 after 100 cycles. 

 

Figure 5.14 SEM images of Na stripping from (a, d) Cu foil, (b, e) planar RGO film and (c, 

f) PRGO film at the current density of 1 mA cm-2 with the capacity of 5 mAh cm-2. 
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5.3.4 Discrimination between Na and Li 

Interestingly, we discovered significantly different electrodeposition behaviors between Na 

and Li on PRGO film. Metallic Na only deposited on the top surface of PRGO film, while 

metallic Li deposited both on the surface and inside the interior pores of PRGO film. As 

shown in Figure 5.9m, Li metal was distinct attaching on the surface of PRGO film with 

smooth and compact texture. From the cross-section SEM image in Figure 5.9n, we also 

found that Li plated inside the interior pores of PRGO film. Furthermore, the interior space 

of PRGO was totally filled with Li metal after 10 cycles (Figure 5.9o-p). In order to explain 

the different electrodeposition behaviors between Na and Li, we simulated the transportation 

process of Na ion and Li ion between graphene layers using molecular dynamic simulation. 

As shown in Figure 5.15, Figure 5.16 and the corresponding simulation video (Supporting 

information), Li ions can facilely pass through graphene layers due to small van der Waals 

radius and weak bonding between Li ions and graphene layers. However, Na ions are blocked 

due to large van der Waals radius and strong bonding between Na ions and graphene layers. 

Consequently, free Li ions can migrate and deposit into porous interior space of PRGO film. 

Whereas, the blocked Na ions can only deposit on the surface of PRGO film, and therefore 

the porous structure of PRGO is retained. Moreover, we found cracks formed on PRGO film 

during Li deposition because the intercalation of Li ions led to large volume expansion of 

RGO layers (Figure 5.17). These cracks provided more channels for Li ions migrating and 

electroplating inside PRGO film. In contrast, PRGO film especially its surface layer 

maintained intact condition during repeated Na plating/stripping processes (Figure 5.17), 

which prohibited metallic Na deposition inside PRGO film. Therefore, we revealed the 
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unique phenomenon of Na deposition behavior on PRGO film and the long-lasting structural 

stability of PRGO film. 

 

Figure 5.15 Molecular dynamic simulation for Na ion migrating between RGO layers. 

 

Figure 5.16 Molecular dynamic simulation for Li ion transferring through RGO layers.  

One reason that results in Na plating only on the surface of PRGO film is the larger radius of 

Na ion (0.18 nm) compared with that of Li ion (0.145 nm).164 Besides, van der Waals radii 

are usually employed to simulate the interaction between unbonded atoms in touching 

molecules or atoms, and the van der Waals radius of Na ion (0.227 nm) is also larger than 

that of Li ion (0.181 nm).311 In addition, the interlayer space distance of PRGO calculated 

from XRD measurement is 0.336 nm using Bragg’s law. 
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Figure 5.17 SEM images of (a) pristine PRGO, (b) PRGO after 1 cycle Li intercalation, (c) 

PRGO after 1 cycle Na intercalation and (d) PRGO after 10 cycle Li intercalation. 

5.3.5 Deformation simulation 

Physics simulation were carried out to study the deformation of metalic Na deposition layer 

on planar RGO and PRGO substrates. In general, contact pressure forms between two 

interconnect objects, which is determined by objects’ physical properties, such as, Young’s 

modulus, density and Passion’s ratio. Meanwhile, contact pressure has influence on objects, 

this includes distortion, bending and deformation. As shown in Figure 5.18a-b, metal Na 

deposition layer on planar RGO film was first simulated, tension distribution was clearly 

displayed on sodium layer by graduated colors. It is evident that a large gradient exhibited 

on both sodium layer and planar RGO film, indicating serious inhomogeneous tension 

distributed on bulk sodium layer owing to the contact pressure. Therefore, sodium layer tends 
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to be strained at high tension points, and cavities generated as sodium depositing on planar 

RGO substrates.  

 

Figure 5.18 Tension schemitics for sodium plating on (a) planar RGO and (b) PRGO films 

through COMSOL physics simulation. The upper objects are Na deposition layers, the 

bottom objects are (a) planar RGO and (b) PRGO films. Inhomogeneous tension was 

observed on Na@RGO with a large gradient caused by the rigid property. The uniform 

tension distribution was observed on Na@PRGO with suppressed gradient benefited by soft 

PRGO. (c) Schematic illustration of Na deposition on Cu foil, planar RGO film and PRGO 

film. 

However, when sodium plating on PRGO substrate, tension caused by contact pressure was 

dramatically constrained in a small range along the contact surface, the tension gradient was 

also alleviated remarkably (Figure 5.18b). The suppressed tension gradient was ascribed to 
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excellent elasticity and flexibility of PRGO, because the Young’s modulus of spongy PRGO 

framework was much lower than that of planar RGO film (43 MPa versus 4.6 GPa). Low and 

uniform tension was observed in bulk sodium layer, consequently, compact and intact sodium 

generated on PRGO substrate. Herein, we verified the significant influence of porous 

structure on sodium deposition layer. As a result, benefiting from sodiophilic sites and 

flexible scaffold, PRGO facilitated the formation of uniform and dendrite-free sodium 

deposition layer.  

Therefore, we revealed the mechanism of compact and uniform Na deposition on PRGO film. 

As the schematic shown in Figure 5.18c, protuberance Na first generated on Cu foil at the 

initial nucleation stage. Then, ramified Na formed with the increase of the capacity. In 

contrast, smooth Na deposition on planar RGO and PRGO films were contributed by the 

sodiophilic property at the initial stage, whereas, crevices and pores were found when Na 

plating on planar RGO film. The formation of pores on the Na layer, which proliferated with 

increasing capacity, was ascribed to tremendous heterogeneous tension distribution caused 

by rigid planar RGO. However, the flexibility of PRGO film was remarkably enhanced by 

the soft skeleton. Therefore, uniform and intact Na deposition layer on PRGO film was 

achieved owing to the effectively constrained tension. Consequently, the sodiophilic and soft 

PRGO substrate contributed to the compact and dendrite-free Na deposition.  

5.3.6 Electrochemical measurement 

We further investigate the electrochemical performance of Na metal anodes based on these 

substrates in both half cells and full cells. Figure 5.19a shows voltage-capacity profiles of the 

Na deposition process on various substrates. The nucleation overpotentials corresponding to 
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PRGO film, planar RGO film and Cu foil were 45 mV, 48 mV and 75 mV, respectively. In 

comparison with the Cu foil, the overpotentials were effectively suppressed as Na plating on 

graphene-based substrates (PRGO and planar RGO), demonstrating the sodiophilic merit of 

sodium carbon compound as described before. Moreover, the cycling performance of 

metallic Na during repeated deposition and stripping on different substrates were tested in 

Na||Cu half cells with a capacity limitation of 1 mAh cm-2 at the current density of 1mA cm-

2 (Figure 5.19b). Remarkably, the plating/stripping of Na-ion/Na on PRGO film 

demonstrated a very stable cycling performance with an average Coulombic efficiency of 

99.5% for 800 cycles, which is much better than that of planar RGO film and Cu foil. The 

corresponding voltage-capacity profiles at different cycles were shown in Figure 5.19c-e. In 

the first cycle, Na exhibited similar electrochemical behaviors on all three substrates (Figure 

5.19c). Nevertheless, the voltage curves of plating/stripping of Na-ion/Na on Cu foil became 

fluctuated after 150 cycles (Figure 5.19d), due to the formation of Na dendrites and ‘dead’ 

Na during cycling. Later, porous Na deposited on planar RGO film also evolved into ramified 

Na after 200 cycles (Figure 5.20). Accordingly, the voltage fluctuation began during 

plating/stripping of Na-ion/Na on planar RGO film (Figure 5.19e). The PRGO matrix 

benefited the compact and intact Na deposition as well as helped Na metal anode getting rid 

of Na dendrite, the Na dendrite is a notorious factor causing safety issues such as short-circuit. 

Therefore, the safety of Na metal battery was greatly improved. As shown in Figure 5.21, 

after we increased the current density and capacity limitations, Na@PRGO anode also 

outperformed Na@Cu anode and Na@RGO anode. The outstanding cyclability of PRGO 

film should be contributed by its sodiophilic property and excellent flexibility. 
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Figure 5.19 (a) Comparison of sodium nucleation over-potentials on Cu foil, planar RGO 

and PRGO substrates. (b) Coulombic efficiencies of sodium half cells employing three 

substrates. (c) Impedance spectra of Na depositing on Cu foil, planar RGO and PRGO at 

varied cycles. (d) (e) (f) Sodium plating/stripping curves on Cu foil, planar RGO and PRGO 

substrates at different cycles. (g) Symmetric cell patterns of sodium plating on three 

substrates with 5 mAh cm-2 pre-deposited Na. (h) Electrochemical performance of sodium 

full cells employing three substrates. (i) Charge/discharge curves of Na||NVP full cells on 

three substrates at different cycles. 
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Figure 5.20 SEM images of sodium plating on planar RGO at the current density of 1 mA 

cm-2 with the capacity of 1 mAh cm-2 after 200 cycles. It is obvious that ramified Na evolved 

from porous Na on planar RGO substrate, therefore, poor electrochemical performance of 

planar RGO was found in following cycles. 

The analysis of electrochemical impedance spectra in Figure 5.19f revealed that the Na@Cu 

anode showed large charge transfer resistance (Rct) at the beginning, which significantly 

increased upon cycling (Figure 5.22). The formation of dendritic Na on Cu foil contributed 

to the formation of large area of solid electrolyte interface (SEI) and electro-inactive ‘dead’ 

Na on the surface of Na@Cu anode, which caused the increase of the Rct. Owing to uniform 

Na deposition layer on PRGO and planar RGO films, the values of Rct were relatively small. 

For long-term cycling, the increase of impedance was still observed on Na@RGO anode due 

to the generation of ramified Na. However, Na@PRGO anode maintained stable and minimal 

Rct, demonstrating the preservation of a stable SEI layer on compact and uniform Na 

deposition layers. 
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Figure 5.21 Coulombic efficiencies of sodium half cells employing three substrates at varied 

current densities with varied capacities. 

In addition, we assembled symmetric cells to further explored the cycling stability of metallic 

Na anodes with different substrates. As shown in Figure 5.19g, Na@PRGO exhibited stable 

plating/stripping voltage curves with the capacity limitation of 1 mAh cm-2 for 1000 hours at 

the current density of 1 mA cm-2. However, symmetric cells with Na@Cu and Na@RGO 

electrodes failed after 400 hours and 600 hours, respectively. In another symmetric cell 

testing with varied amount of pre-deposited Na on different substrates, Na@PRGO anode 

also exhibited much better cycling performance than that of Na@RGO and Na@Cu anodes 

(Figure 5.23). 
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Figure 5.22 Impedance spectra of Na depositing on (a) Cu foil, (b) planar RGO and (c) 

PRGO at varied cycles. (d) Comparison of charge transfer resistance (Rct) on Cu foil, planar 

RGO and PRGO substrates. 

 
Figure 5.23 Symmetric cell patterns of sodium plating on three substrates with 3 mAh cm-2 

pre-deposited Na. 

 



159 

 

As a proof of concept, Na full cells were assembled using Na3V2(PO4)3 (NVP) as cathode 

materials. The Na metal anodes were fabricated by plating Na on three different substrates 

with the capacity limitation of 3 mAh cm-2 at the current density of 1 mA cm-2. The full cell 

with Na@PRGO anode showed excellent cycling stability with the specific capacity 

maintained above 95 mAh g-1 at the 350th cycle (Figure 5.19h and 5.19i). In contrast, the full 

cells employing Na@Cu and Na@RGO anodes terminated at 125 cycles and 176 cycles, 

respectively (Figure 5.24). More importantly, due to lightweight advantage of graphene-

based substrates, full cells with PRGO substrate exhibited significantly increased energy 

density, which is almost doubly exceeded that of Cu foil (Figure 5.25). Therefore, we proved 

that the electrochemical performances of Na anodes employing PRGO film as conductive 

substrate obviously surpassed Cu foil and planar RGO film owing to the flexibility and 

sodiophilic property. 
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Figure 5.24 Charge/discharge curves of Na||NVP full cells with (a) Cu foil and (b) planar 

RGO. 
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Figure 5.25 Energy density performance of sodium full cells employing three substrates. 

For full cells testing, Na layers with the amount of 3 mA h cm-2 were first deposited onto 

three current collectors in half cells, followed by dissembling and washing with DEGDME 

solvent. The obtained Na metal anodes were paired with NVP cathodes in coin cells with 30 

mL electrolyte (1M NaPF6 in DEGDME) and Celgard 2325 separator. The mass loading of 

prepared NVP cathode electrode was 1.4 mg cm-2. In this work, we assessed the energy 

densities of full cells merely considering anode and cathode and ignoring the excessive 

electrolyte. Energy density of full cells were calculated according to the following procedure. 

The weight of Cu foil, planar RGO and PRGO films were 11.8 mg, 0.16 mg and 0.16 mg per 

piece, respectively. The weight of 3 mA h cm-2 Na layer was 2.92 mg. Therefore, the total 

weight responding to Na@Cu, Na@RGO and Na@PRGO anodes were: 

Na@Cu: 2.92+11.8=14.72 mg 
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Na@RGO: 2.92+0.16=3.07 mg 

Na@PRGO: 2.92+0.16=3.07 mg 

The total weight of cathode was obtained by adding cathode material mass and Al current 

collector mass:  

NVP@Al: 1.4*1.13+3.0=4.58 mg 

Hence, the total weight of full cells were: 

Na@Cu || NVP@Al: 14.72+4.58=19.3 mg 

Na@RGO || NVP@Al: 3.07+4.58=7.65 mg 

Na@PRGO || NVP@Al: 3.07+4.58=7.65 mg 

The energy was calculated by multiplying capacity with the discharge potential 3.35 V, the 

energy density was obtained by dividing energy with full cell weight. 

5.4 Summary 

In conclusion, we constructed a soft substrate with excellent sodiophilic and flexible 

properties to suppress Na dendrite generation and applied it to high-performance Na metal 

batteries. We also revealed the critical difference between Li deposition behavior and Na 

deposition behavior on porous reduced graphene oxide (PRGO) substrates. The Na carbon 

compound facilitated uniform Na nucleation on planar RGO and PRGO substrates at initial 

plating stage, due to the sodiophilic property of NaC64. Although planar RGO film 

contributed to uniform Na nucleation, crevice and cavities were found during Na deposition 
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process. Mechanical simulation illustrated that large strain gradient on Na@RGO anode led 

to the porous texture of Na deposition layer with increasing capacity. In contrast, minimal 

contact strain formed PRGO film which was favored by soft framework, consequently 

contributing to the compact and dendrite-free Na deposition. Furthermore, we found Na 

merely deposited on the surface of PRGO film which was different form Li deposition both 

interior and surface, this was attributed to the blockage of large Na ions by graphene 

nanosheets interlayer. Because of non-dense Na deposition layers on Cu foil and planar RGO 

film, obvious ‘dead’ Na was observed after stripping process which even increased upon 

elongate cycle number. Accordingly, the electrochemical performance of uniform and intact 

Na@PRGO anode enormously outperformed Na@Cu and Na@RGO anodes in half cells and 

symmetric cells. The compact and dendrite-free Na plating/stripping for more than 800 cycles 

was demonstrated on robust and porous PRGO substrate. Moreover, half cells and symmetric 

cells tended to fail early on Cu foil and planar RGO substrates due to short-circuit caused by 

Na dendrite. The Na || NVP full cells employing PRGO substrate delivered a stable 

cyclability of 350 cycles with high specific capacity. Benefiting with light weight, PRGO 

substrate also exhibited remarkable advantage on boosting energy density of full cells, which 

doubly surpassed that of full cells with Cu foil substrate. 
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CHAPTER 6 CONCLUSIONS 

6.1 General Conclusion 

This doctoral work studied a series of materials and methods for suppressing dendrite 

generation in lithium and sodium metal batteries. These strategies include three-dimensional 

pie-like current collector for lithium dendrite restraining, temperature-dependent nucleation 

and growth for dendrite-free lithium metal anode and sodiophilic and soft substrate for 

dendrite-free sodium metal anode, they all fulfilled the research goals. On one hand, high 

electrochemical performance, including high Coulombic efficiency and long cyclability, 

were all achieved when applying these strategies to lithium and sodium metal batteries. On 

another hand, in depth mechanism were clearly revealed through systemic observation and 

sufficient analysis, which further favored our comprehensive understanding for building and 

employing these strategies. Moreover, cost-efficiency were also considered when designing 

related schemes. For example, copper nanowires and graphene oxide are commercial 

materials, the cost can be handy controlled based on their major application on three-

dimensional pie-like current collector and soft substrate. The economic and facile method of 

elevating temperature is also meaningful, because a significant improvement can be obtained 

through rising a finite temperature form room temperature.  

6.2 Three-dimensional pie-like current collectors for dendrite-free lithium metal anodes 

In this work, a 3D pie-like porous current collector were designed and synthesized. The 

combination of copper nanowires (CuNWs) and graphene (GE) nanosheets was 

demonstrated effectively suppressing Li dendrite growth. The interior space of CuNWs 
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framework could efficiently accommodate Li deposition with a capacity of 2 mAh cm-2. In 

comparison with planar Cu foil, CuNWs could constrain Li volume expansion and inhibit Li 

dendrite due to interconnect skeleton and large surface area. Furthermore, with support of 

graphene layer that wrapped around CuNWs framework, CuNWs@GE current collector 

could protect extra Li deposition. The graphene layer functioned as a flexible interfacial layer 

that prevent Li deposition beyond CuNWs framework. After cycling, the function groups 

were reduced and defects were promoted on GE layer, which facilitated Li ion pass through 

GE layer and deposited inside CuNWs framework. Therefore, the electrochemical 

performances of Li metal anode were remarkably improved when using CuNWs@GE current 

collector. The cyclability of Li deposition on CuNWs@GE current collector could be 

maintained for more than 200 cycles with a high Coulombic efficiency of 97%, which was 

much longer than that of CuNWs and Cu foil current collectors. The CuNWs@GE current 

collectors demonstrated several advantages toward better Li metal anodes with significantly 

improved electrochemical performance, which may promote their practical applications in 

rechargeable lithium metal batteries. 

6.3 Temperature-dependent nucleation and growth of dendrite-free lithium metal 

anodes 

In this work, we disclosed that electrolyte and solid electrolyte interface (SEI) properties 

under the influence of temperature led to distinct lithium nucleation behaviors and varied 

lithium deposition layers. Chronopotentiometry measurements were conducted to evaluate 

Li nucleation property. Li nucleation overpotential significantly decreased as the 

temperatures increased from -20 °C to 60 °C, illustrating the lowest nucleation energy barrier 
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and the best lithiophilicity at 60 °C. Furthermore, the lowest mass-transfer overpotential 

contributed by swift Li ions migration was found at 60 °C, indicating the facile Li nucleation 

growth process at high temperature. Enhanced lithiophilicity and increased ion migration 

induced by temperature arising led to small nucleation density and large nuclei size, thus 

resulted in uniform and compact lithium deposition layer. Take the current density of 0.05 

mA cm-2 as an example, the nuclei size increased twenty times and the nucleation density 

droped to one percent as temperature increased from -20 °C to 60 °C. The compact and 

smooth lithium layer was found at 60 °C, while, dendritic Li and massive interspaces were 

observed as temperature decreased. We also conducted in situ optical observation to visualize 

the critical Li crystallization and nucleation processes, the in vivo Li nucleation growth record 

demonstrated that the discriminations of Li nucleation were influenced by temperature from 

the very beginning.  Noteworthily, the significant changes of component and nanostructure 

of SEI layers at varied temperatures were clearly demonstrated using Cryo-EM 

characterization. The SEI formed at 20 °C was an amorphous polymeric interphase, while 

the SEI formed at 60 °C consisted of an amorphous polymeric interphase and an inorganic 

Li2O outer layer. The thickness of SEI layer increases from 17 nm at 20 °C to 23 nm at 60 °C. 

SEI characterization illustrated that the thicker multilayered SEI formed at 60 °C can more 

effectively passivate Li metal anodes compared with an amorphous polymeric SEI formed at 

20 °C. At elevated temperature (60 °C), a dendrite-free Li metal anode was achieved, the 

corresponding Li || Cu half-cell delivered long cycle life (400 cycles) and high Coulombic 

efficiency (98.9%). In addition, symmetric cells operated at 60 °C exhibited long life span, 

which was more than double of that at 20 °C. As a proof of concept, full cells paired with 
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Li4Ti5O12 (LTO) cathodes delivered a greatly expanded cyclability with high energy density 

of 255 W h kg-1 at 60 °C. 

6.4 Dendrite-free sodium nucleation and growth by electroplating on a sodiophilic and 

soft substrate 

In this work, we constructed a soft substrate with outstanding sodiophilic and flexible 

properties to suppress Na dendrite generation and applied it to high performance Na metal 

batteries. We also revealed the critical difference between Li deposition behavior and Na 

deposition behavior on porous reduced graphene oxide (PRGO) substrates. In comparison 

with Cu foil, the Na carbon compound facilitated uniform Na nucleation on planar RGO and 

PRGO substrates at initial plating stage because of the sodiophilic property of NaC64. 

Although planar RGO film contributed to uniform Na nucleation, crevice and cavities were 

found during Na deposition process. We found Na merely deposited on the surface of PRGO 

film which was different form Li deposition both interior and surface, this was attributed to 

the blockage of large Na ions by graphene nanosheets interlayer. Mechanical simulation 

illustrated that large strain gradient on Na@RGO anode led to the porous texture of Na 

deposition layer with increasing capacity. In contrast, minimal contact strain formed PRGO 

film which was favored by soft framework, consequently contributing to the compact and 

dendrite-free Na deposition. Because of non-dense Na deposition layers on Cu foil and planar 

RGO film, obvious ‘dead’ Na was observed after stripping process which even increased 

upon elongate cycle number. Accordingly, the electrochemical performance of uniform and 

intact Na@PRGO anode enormously outperformed Na@Cu and Na@RGO anodes in half 

cells and symmetric cells. The compact and dendrite-free Na plating/stripping for more than 
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800 cycles was demonstrated on robust and porous PRGO substrate with well-maintained 

framework. Moreover, half cells and symmetric cells tended to fail early on Cu foil and planar 

RGO substrates because of short-circuit caused by Na dendrite. In addition, charge 

transference impedance of Na@PRGO anode kept at minimize value due to the stable and 

minimal SEI on compact and dendrite-free Na deposition layer. The Na || NVP full cells 

employing PRGO substrate delivered a stable cyclability of 350 cycles with high specific 

capacity. Benefiting with light weight, PRGO substrate also exhibited remarkble advantage 

on boosting energy density of full cells, which doubly surpassed that of full cells with Cu foil 

substrate.   

6.5 Outlook and Future Perspectives 

The journey to achieving available Li metal battery and Na metal battery is still not complete. 

Significant products have been obtained to suppress Li and Na dendrite generation in Li and 

Na metal batteries in this doctoral work, yet several properties of alkali metal batteries, 

including energy density, cyclability and safety, need to be further improved to fulfil the 

ultimate goals.  

For the energy density promotion, I think the investigations of lean electrolyte in alkali metal 

batteries should be paid more attention. In the present testing for Li and Na metal batteries, 

excessive electrolyte is usually used to evaluate the influence of single parameter. However, 

the over-dose usage of electrolyte greatly diminishes the energy density of the full cell, which 

also not match with the real situation. Therefore, the future studies should pay close attention 

to lean electrolyte adjustments in Li and Na metal batteries.  
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In order to achieve Li and Na metal batteries with long cycling and safe performances, the 

obstruct of metal dendrite must be overcame, because the failure of metal batteries are caused 

by dendrite generation in most situation. I think, the mechanism of dendrite germinating and 

growth should be probed in depth in the future investigation. Although strategies for dendrite 

suppression are proved being useful for performance improvement, eliminating the factors 

for dendrite bud is the ultimate method to solve the problem of dendrite generation.  
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APPENDICES 

Abbreviations/Symbols Full name 

a.u. Arbitrary unit 

Ar Argon 

Rct Charge transfer resistance 

RΩ Ohmic resistance 

M Molar concentration 

nm Nanometer 

Hz Hertz 

I Intensity 

g Gram 

h Hour 

mAh g-1 Milli ampere hour per gram 

° Degree 

Ω Ohm 

°C  Degree Celsius 

CB Carbon black 

CNT Carbon nanotube 

DI De-ionized 

DMC Dimethyl carbonate 

EC Ethylene carbonate 

PC Propylene carbonate 
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Abbreviations/Symbols Full name 

NMP 1-methyl-2-pyrrolidinone 

PVDF Poly(vinylidene difluoride) 

EIS Electrochemical Impedance Spectroscopy 

Rct Charge transfer resistance 

RΩ Ohmic resistance 

EV Electric vehicle 

CV Cyclic Voltammetry 

C-rate Current rate 

FESEM Field-Emission Scanning Electron Microscopy 

SEM Scanning electron Microscopy 

FTIR Fourier transform infrared spectroscopy 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

XRD X-ray diffraction 

CuNWs Copper nanowires 

GE Graphene 

GO Graphene oxide 

RGO Reduced graphene oxide 

PRGO Porous reduced graphene oxide 

Li Lithium 

LIB Lithium-ion battery 

LMB Lithium metal battery 
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Abbreviations/Symbols Full name 

Na Sodium 

SIB Sodium-ion battery 

SMB Sodium metal battery 

SEI Solid electrolyte interface 
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