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Abstract 

All-solid-state batteries (ASSBs) with polyethylene oxide (PEO)-based solid polymer 

electrolytes (SPEs) or oxide-based solid-state electrolytes (SSEs) are promising candidates for 

electric vehicles application. However, ASSBs suffer from critical challenges including (i) low 

electrochemical oxidation window, (ii) poor interface contact, (iii) incompatibility between the 

SSE and electrode. This thesis, therefore, focuses on various strategies for addressing these 

problems and understanding the insight mechanisms. 

To address the low oxidation window challenge of SPE, surface engineering method was used. 

The surface coating on LiCoO2, and/or carbon particles with lithium tantalate was conducted. 

This study disclosed that carbon particles/SPE interface is detrimental to the electrochemical 

decomposition of SPE. Further, lithium niobium oxide engineering NMC811/SPE interface 

was done for improving the stability of NMC811 particles and alleviating the decomposition 

of SPE.  

Moreover, the oxidation window of SPE was increased by engineering the end functional group 

of PEO. Stable performance ASSBs were obtained with the dimethylamine end group SPE. 

Besides, the binders’ effect was studied.  PEO binder are not practical for 4 V class cathodes 

because of its low oxidation window, while carboxyl-rich polymer binders have superior 

performance. Mechanism studies showed that they have higher voltage stability and work as a 

coating material to protect electrode/SPE interface. 

The poor contact between oxide-based SSE and cathode particles was addressed with solution 

method synthesized Li3InCl6 SSE.  The incompatibility between NASICON SSEs and sulfur 

cathodes is tackled with ultra-thin Al2O3 protection. 

The discoveries of this thesis provide important guidance to design high performance, high 

energy density ASSBs. 
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Summary for Lay Audience 

Developing all-solid-state batteries (ASSBs) with nonflammable solid-state electrolytes 

(SSEs) is important for electric vehicle (EV) applications. However, the problems including 

(1) instability of solid polymer electrolytes (SPEs) at high voltage, (2) poor interfacial contact, 

and (3) side reactions at the electrode/SSE interface significantly restrict the development of 

ASSBs. Several methods were developed to address these problems, and their insight 

mechanism were investigated in this thesis. 

To address the high voltage instability problem of SPEs, interface protection method was used. 

The interface between the LiCoO2 particles and SPE, the interface of carbon particles and SPE, 

are protected, respectively, with lithium tantalate. The results indicated carbon particles/SPE 

is detrimental to the decomposition of SPE. Ni-rich NMC811 cathode should be used for 

achieving high energy density ASSBs. However, both NMC811 and SPE are not stable at high 

voltage. The NMC811 electrode/SPE interface was engineered with lithium niobium oxide 

(LNO), as a result of this, the instability problem of NMC811 and the decomposition of SPE 

were alleviated with LNO protection. 

Modifying the structure of the polymer chain was done by using dimethylformamide solvent 

to increase the high voltage stability of polymer. As a result of this, higher voltage stability of 

SPE and higher electrochemical performance of ASSBs were realized with this modified SPE.  

In ASSBs, the most used binder is PEO which is not stable at high voltage, thus it is not suitable 

for high voltage ASSBs. Mechanism studies showed that carboxyl-rich polymer (CRP) binders 

are more stable at high voltage, therefore, they present better performance in ASSBs.  

The poor contact between SSEs and cathodes was addressed by solution synthesized Li3InCl6. 

Mechanism studies showed that in-situ synthesized Li3InCl6 realized intimately contacts 

between SSE and cathode. Side reaction between the oxide-based SSE and electrode was also 

addressed. The sulfur cathode can react with the Ti-containing NASICON SSE, resulting in 

SSE decomposition. With ultra-thin Al2O3 protection, the stability of the NASICON SSE 

dramatically increased and the cycling performances of ASSBs were improved.   
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The discoveries of this thesis provide important guidance to design high performance, high 

energy density ASSBs. 
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Chapter 1  

1 Introduction 

1.1 Lithium ion batteries: from liquid to solid 

Energy risk due to the exhaustion of fossil fuels and environmental air pollution related to 

modern transportation systems, force the research and development of green and 

regenerated energies. As the promising candidates for green and regenerated energies, wind 

power, hydropower, solar energy, nuclear energy etc. have been widely studied and applied 

for driving our society forward. However, due to the large-scale equipment, time limitation 

and location limitation, suitable energy storage systems/devices must be developed for 

convenient and effective application of these green and regenerated energies. 

Lithium ion batteries (LIBs), as promising candidates for small and large-scale energy 

storage systems have received tremendous research interests in the past five decades due 

to their stable cycling performance and high energy density. In 1991, Sony first 

commercialized lithium ion batteries with twice the energy density than that of nickel-

cadmium or nickel-metal hydride batteries, in terms of both weight and volume.1 

Nowadays, LIBs have been widely applied portable devices such as in cellphones, airpods, 

laptops, and electric vehicles (EVs), as well as in satellites. As a result of the wide 

application of LIBs, the 2019 Nobel Prize in Chemistry was awarded jointly to three 

scientists who have worked on LIBs for several decades and made a big contribution to the 

development of LIBs.2 

A practical LIB typically consists of four functional components, the cathode, anode, 

separator and electrolyte. Figure 1.1 presents schematically the structure and the working 

mechanism of LIBs. Cathodes and anodes are typical layered structure materials and 

undergo an intercalation/deintercalation process of lithium ions during the 

charge/discharge process. Specifically, during the discharge process, lithium ions 

deintercalate from the graphite anode, travel through the electrolyte, and intercalate into 

the layered LiMO2 (M = Co, Mn, Ni) cathode material. The electrons flow via the external 
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circuit to power the device. During the charge process, the process mentioned above 

reverses.  

 

Figure 1.1 Schematic diagram of a LIB. (Separator is eliminated in this schematic diagram) 

To pursue high performance and high energy density of LIBs, a verity of anode materials 

and cathode materials have been developed and investigated. For anode materials, the most 

popular and commercialized anode is graphite, which attracted plenty of research interests 

due to its long cycling stability and reliability. However, its specific capacity is relatively 

low, which makes it not a suitable anode material for high energy density LIBs, for the 

application in EVs with the long driving distance. Therefore, novel and higher energy 

density anodes were studied by scientists and researchers in the past several decades. As 

successful examples, silicon (Si) and lithium metal are two promising candidates for anode 

materials in high energy density LIBs. Si anode has very high specific capacity over 4200 

mAh/g, which is more than 10 times higher than that of a graphite anode.3  Lithium metal 

anodes also can deliver a high specific capacity over 3800 mAh/g, with a lowest 

electrochemical potential of -3.04 V versus the standard hydrogen electrode.4 However, 

there are still many challenges, such as the volume expansion and lithium dendrite 

formation that need to be addressed before commercializing Si anodes and lithium metal 
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anodes.3-6 For the cathode materials, LiCoO2 is one of the earliest cathode materials for 

LIBs.7 Later on, LiFePO4 was discovered to be a high-performance cathode material for 

LIBs, with high specific capacity and high rate performance.8  

Energy density of LIBs is calculated based on capacity multiplied by voltage. Therefore, 

to further enhance the energy density of LIBs, higher specific capacity or higher voltage 

cathode materials must be applied. To achieve this goal, novel cathode materials such as 

layered structure Ni-rich LiNixMnyCo1-x-yO2, layered structure Li-rich LiNixMnyCo1-x-yO2 

and spinel structure LiMn2O4 were developed. Though these cathodes can deliver high 

energy density, their chemical/electrochemical stabilities and electrochemical 

performances are still far away from satisfied for commercial LIBs. To overcome these 

challenges, most of the research works in the past 20 years were dedicated to enhancing 

these cathode material’s performances by surface coating, element doping, structure 

design, binder selection and electrolyte selection/modification.9-13  

 

Figure 1.2 Configuration of all-solid-state batteries (ASSBs). 
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However, commercial LIBs using liquid organic electrolyte suffer from serious safety 

issues. Liquid organic electrolyte is flammable, which has a low boiling point and a low 

flash point.14 The overheating, short-circuiting or another accident will lead to the fire and 

even explosion of LIBs. The safety issues are more critical when LIBs were applied in 

EVs. Therefore, to make LIBs safer and more reliable, flammable liquid organic electrolyte 

must be eliminated. Developing All-solid-state LIBs (ASSLIBs) is the perfect solution for 

safe LIBs. The confabulation of an ASSLIB is shown in Figure 1.2. The basic working 

mechanism of ASSLIBs does not change, but the liquid electrolyte and separator are 

replaced by a solid-state electrolyte (SSE), to avoid the direct contact between anode and 

cathode. Due to the better safety of ASSLIBs, lithium metal anode can be used in ASSLIBs, 

leading to higher energy density. Also, ASSLIBs package can be designed as bipolar 

structure, which can reduce the weight of out-shell, current collector and thus increase the 

energy density. With such advantages, ASSLIBs have received a great amount of research 

attention from academia and industry.   

1.2 Challenges in solid-state lithium ion batteries 

Though ASSLIBs are safer and expected to be able to deliver higher energy density, there 

is still a long way to go for ASSLIBs before being a practically appliable product. The key 

challenges of ASSLIBs come from the problems of SSEs. A high performance SSE applied 

in ASSLIBs should include the properties: (i) high total (bulk and grain boundary) Li+ ion 

conductivity over a wide temperature range, (ii) wide electrochemical stable window to 

couple with lithium metal anodes and high voltage cathodes, (iii) chemically and 

mechanically compatible interfaces with anode and cathode, (iv) chemically stable in 

ambience environment, and (v) low interfacial resistance toward electrodes. Unfortunately, 

none of the SSEs developed today can meet all these criterions. Five main challenges stand 

in SSEs’ way to high performance ASSLIBs.  

i) Poor ionic conductivity 

The ionic conductivities of SSEs are relatively low. Compared to the liquid organic 

electrolyte whose ionic conductivity is over 10-2 S/cm, most of the SSEs such as polymer 

electrolytes, oxide-based SSEs and halide-based SSEs, have an ionic conductivity range of 
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10-5 to 10-3 S/cm.15-17 Only a few sulfide-based SSEs, such as Li10GeP2S12 and 

Li9.54Si1.74P1.44S11.7Cl0.3, can reach the level of 10-2 S/cm.18, 19 The poor ionic conductivity 

of SSEs will decrease the rate performance of SSLIBs and also limit the released capacity.  

ii) Mismatch problem 

The mismatch problem of SSE/electrode interface will deteriorate the electrochemical 

performance of ASSLIBs. The solid-state nature and rigid property of SSEs result in the 

poor contact with the solid-state electrodes, especially for the particle types of electrode 

materials. Without intimate contact between SSEs and electrodes, Li+ ions cannot transfer 

from the SSE to the electrodes; thus, electrochemical reaction cannot happen.  

iii) Incompatibility between SSE and electrode materials 

The SSE and electrode may be incompatible with each other. The 

chemical/electrochemical reactions arise when SSE and electrode materials are integrated 

together, resulting in the formation of a solid electrolyte interphase (SEI). This interphase 

may not be a good Li+ ion conductor, which contributes to high interfacial resistance. 

Sometimes these chemical/electrochemical reactions will propagate into the bulk of 

materials and are not only limited at the interface. This will degrade the performance of 

SSEs and electrodes.  

iv)  Space-charge layer 

The space-charge layer formation at the SSE and cathode interface will also lead to high 

interfacial resistance. The formation of a space-charge layer is due to the different chemical 

potentials between two contacted materials, and the atoms or electrons are unable to 

migrate to establish local charge neutrality. The space-charge layer is not a good Li+ ion 

conductivity layer, thus, resulting in poor Li+ ion migration and high interfacial resistance.  

v) Lithium dendrite formation 

The application of a lithium metal anode in ASSLIBs will result in the formation of lithium 

dendrites. Generally speaking, lithium dendrite growth is regarded as a self-enhanced 

process. The dendrite lithium can attract more lithium ions to deposit, due to the higher 
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electric fields, as a result of the high curvature structure of the dendrite shape. This can 

lead to continuous lithium dendrite growth. The formation of lithium dendrites will finally 

lead to the short circuit of ASSLIBs, leading to batteries failing and safety issues.  

To overcome abovementioned challenges in ASSLIBs, many strategies and approaches 

including interface engineering, SSE modification, electrode design etc. were proposed and 

studied. Great progress has been achieved. In Chapter 2, the details of these solutions will 

be introduced and discussed. 

1.3 Thesis objectives 

All-solid-state lithium batteries (ASSLBs) have been widely regarded as the promising 

candidate for the application in EVs. However, the challenges including (i) low 

electrochemical oxidation window, (ii) mismatch problem, (iii) incompatibility between 

the SSE and electrode material problems have significantly restricted the application of 

ASSLBs. The existing research focus in ASSLBs are mainly divided into 3 categories (1) 

synthesizing high performance SSEs, (2) addressing the interface problems between SSEs 

and electrode for high performance ASSLBs, (3) understanding the interface behavior in 

ASSLBs. In the past five years, the author has devoted significant efforts to develop 

different solutions from interface modification, electrolyte modification and electrode 

design to stabilize the SSE and electrode interface for achieving high performance and high 

energy density all-solid-state lithium batteries, and using advanced characterization 

techniques to understanding the interface behavior in ASSLBs The major research 

objectives are listed below: 

Part. 1 Solid-state electrolyte/electrode interfaces engineering to address the interfacial 

reaction problems for high energy density ASSLBs 

i) To stabilize the performance of high voltage LiCoO2 coupled with polyethylene oxide 

(PEO) based solid polymer electrolytes (SPEs), coating with an atomic layer deposition 

(ALD) derived lithium tantalate on the LiCoO2 electrode was studied. The interface 

modification of LiCoO2 particles/SPE interface, carbon black particles/SPE interface, 
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as well as engineering both LiCoO2 and carbon black particles (electrode surface)/SPE, 

will be studied and compared.  

ii) To enable high performance Ni-rich LiNi0.8Mn0.1Co0.1O2 (NMC811) ASSLIBs with 

PEO-based SPEs, ALD derived lithium niobium oxide was applied as a protected layer 

for not only stabilizing the NMC811 cathode, but also inhibiting the decomposition of 

the SPE at high voltage. 

iii) To address the incompatibility (side-reaction) between a Ti-containing NASICON SSE 

and sulfur cathode, Al2O3 was coated on the surface of the SSE as a protected layer. 

The thickness of coating and understanding of surface/interface chemistry will be 

studied and established. 

Part. 2 Electrolyte modification for high energy density ASSLIBs 

i) To enhance the electrochemical stability of PEO-based SPEs at high voltage, for 4 V 

class ASSLIBs, the PEO polymer was modified with a stable functional group. The 

mechanism of the modified SPE will be studied and discussed. 

Part. 3 Electrode design for high performance ASSLIBs 

i) To develop high performance and long cycling life ASSLIBs, the binder effects were 

studied. The carboxyl-rich polymer binders, including sodium alginate (Na-alginate) 

and sodium carboxymethyl cellulose (CMC), show more stable performance in 4 V 

class ASSLIBs. The mechanism of binders will be investigated and discussed.  

ii) To develop an all ceramic ASSLIB with oxide-based SSE and LiCoO2 cathode, the in-

situ formation of Li3InCl6 (LIC) SSE at the oxide-based SSE/LiCoO2 interface is 

studied. The contents of LIC in LIC-LiCoO2 composite cathodes will be studied and 

the performance of ASSLIBs will be evaluated.  

1.4 Thesis organizations 

This thesis consists of ten chapters (two introductory chapters, one experimental chapter, 

six article chapters, and one conclusion chapter) and is organized according to the 
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requirements on “Integrated-Article” form, as outlined in the Thesis Regulation Guide by 

the School of Graduate and Postdoctoral Studies (SGPS) of the University of Western 

Ontario. The contents of the thesis are organized as follows: 

Chapter 1 briefly introduces the current status of research on liquid organic electrolyte-

based LIBs and ASSLIBs and summarizes the challenges in ASSLIBs and the solutions 

for addressing these challenges.  

Chapter 2 gives a detailed introduction into the current status of research surrounding 

ASSLIBs. The advantages and challenges for different SSEs are summarized. The 

approaches for tackling the challenges in ASSLIBs with SPEs and oxide-based SSEs are 

also discussed. Finally, the future work in this field is proposed. 

Chapter 3 describes the details about the experimental methods and analytical apparatus 

used in the work of this thesis. 

Chapter 4 studies the coating effects on electrode surfaces, active material particles 

surfaces and conductive carbon particles surfaces, on the performance enhancement in high 

voltage ASSLIBs. The electrochemical performance results disclosed that conductive 

carbon/SPE interfaces are detrimental to high voltage ASSLIBs. Interface engineering 

between conductive carbon and SPE interfaces can help to improvement the stability of 

SPE at high voltage. 

Chapter 5 further explores the interface engineering effect between Ni-rich NMC811 

cathodes and SPEs. The instability of Ni-rich cathodes and the electrochemical 

decomposition of SPEs are two main reasons for the poor cycling performance of 

ASSLIBs. However, the oxygen release from layered structure NMC811 cathodes may 

also initiate the chemical decomposition of SPEs. Mechanism studies showed that with the 

ALD derived LNO coating on the NMC811 cathode electrode surface, the stability of the 

NMC811 cathode was improved and thus reduced the oxygen release. At the same time, 

the low electronic conductive LNO can effectively inhibit the electrochemical 

decomposition of SPEs. As a result of this, the electrochemical performance of ASSLIBs 

significantly improved.  
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Chapter 6 describes a facile method for enhancing the electrochemical oxidation window 

of PEO-based SPEs. Specifically, this method is to tailor the end functional group of the 

PEO polymer chain to enhance its electrochemical stability. NMR studies showed that end 

methylene group in regular PEO polymer was replaced by a dimethylamine group due to 

the reaction between PEO and dimethylformamide solvent at 70 oC. Mathematical 

modeling resulting indicates that the Gibbs energy for breaking C-C bond in the 

dimethylamine end group PEO is higher than that in the methylene end group PEO. Thus, 

the high voltage stability of the SPE is increased. Therefore, 4 V class ASSLIBs with this 

SPE present better performance.  

Chapter 7 investigates the binder effects in 4 V class ASSLIBs. It is found that carboxyl-

rich polymer (CRP) binders are superior to PEO and PVDF binders for 4 V class ASSLIBs. 

With a CRP binder, 4 V class ASSLIBs can be cycled 1000 times with a capacity retention 

of 60%; 10 times higher than that of a PEO binder. Mechanism studies have indicated that 

CRP binders are high voltage stable, and they work as coating materials for preventing the 

electrochemical decomposition of SPE at high voltage. 

Chapter 8 develops a new co-sintering assistance for building oxide based ASSLIBs. 

Oxide based ASSLIBs suffer from the mismatch problem, which impedes their ability to 

attain good electrochemical performance. By applying a low sintering temperature and 

high ionic conductive halide SSE Li3InCl6, the mismatch issue between the LLZO garnet 

SSE and LiCoO2 cathode is solved. This results in a 129.2 mAh/g discharge capacity from 

the ASSLIB; comparable to that (132 mAh/g) obtained from the liquid based LIB. The 

content of AB, Li3InCl6 and the loading of active materials are also studied. The interfacial 

stability between LLZO and Li3InCl6 is also investigated. This work provides a new 

approach for building oxide based ASSLIBs, which will trigger more related studies in this 

field. 

Chapter 9 develops a high performance ASSLSB with the protection of ALD coating on 

the SSE/cathode interface. ASSLSBs are a promising candidate for next generation energy 

storage devices due to their high energy density and the abundance of sulfur. However, the 

intermediate discharge product, polysulfide, is reductant to the LATP SSE. Therefore, an 
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ultrathin ALD derived Al2O3 coating is used to prevent the reduction of LATP SSE in 

ASSLSBs. With as thin as 1 nm of Al2O3 coating, the electrochemical performance of 

ASSLSBs greatly improved.  

Chapter 10 summarizes the results, conclusions and contributions of the thesis work. 

Some personal opinions, perspectives, and suggestions for future developments of 

ASSLIBs and/or ASSLBs are also illustrated. 
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Chapter 2  

2 Literature review 

Herein, the literatures about SSEs and ASSLIBs will be reviewed. Different types of SSEs 

including SPEs, oxide-based SSEs, sulfide-based SSEs, halide-based SSEs and hybrid 

electrolytes will be introduced and discussed. The solutions for addressing the challenges 

in ASSLIBs with SPEs and oxide-based SSEs will be summarized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: some parts of this chapter have been published in Energy Storage Materials, 2019, 

21, 308-334. 
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2.1 Solid-state electrolytes for solid-state lithium ion 
batteries 

The SSEs for ASSLIBs must have very good Li+ ion conduction with an ionic conductivity 

over 10-4 S/cm at the working environment. The candidate materials which have the 

properties to conduct Li+ ion include polymer-lithium salt complexes (e.g. SPE), 

crystallized lithium containing oxide materials, sulfide materials, halide materials and other 

materials, like nitride, hydride. Different types of SSEs related to their 

advantages/disadvantages and challenges will be discussed in this chapter. 

2.1.1 Solid polymer electrolytes 

In 1973, the discovery of ionic conductive complexes between polyethylene oxide (PEO) 

and alkali metal salts by Wright et al.1 opened up a new direction for SSE research. 

Generally speaking, a good SPE consists of a high dielectric host polymer, complexed with 

a lithium salt with a low lattice energy (Figure 2.1a shows the structure of a SPE with PEO 

complexing with LiAsF6). Polymers with polar functional groups are chosen to facilitate 

the dissociation and transport of alkali ions; salts with high ionization ability are selected. 

Among all SPEs, PEO-based SPEs are most widely studied2-10 due to their excellent salt-

solvating ability and interfacial compatibility with electrodes. Moreover, ASSLIBs with a 

LiFePO4 cathode, a Li metal anode and a polyether based SPE, show excellent cycling 

performance at elevated tenperature.10 They have been commercialized in the electric car 

model, Bolloré Bluecar, to provide 30 KWh electricity, with a driving range of 250 km. 

Other host polymer candidates including polyacrylonitrile (PAN),11-13 

poly(methylmethacrylate) (PMMA),14,15 poly(vinylidenefluoride-co-

hexafluoropropylene) (PVDF-HFP)16,17 and poly(propylene carbonate) (PPC),18,19 as well 

as poly(ethylene carbonate) (PEC)20, have also received increasing research interest lately 

for potential application in ASSLIBs. 

However, the ionic conductivity of PEO-based SPEs is in the range of 10-7-10-5 S/cm at RT 

(Figure 2.1b)2-4,21, which falls short of the requirement of ASSLIBs for operating at a wide 

temperature range. Moreover, due to the poor mechanical strength of the polymer matrix, 

SPEs suffer from the lithium dendrite formation problem.22 Lithium dendrite growth at a 
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Li/SPE/Li symmetrical cell had been observed using the X-ray tomography technique 

(Figure 2.1d-h).22,23 The results show that the defect of the lithium anode surface plays a 

key role in the nucleation of Li dendrites. N.S. Schauser et al. investigated the temperature 

influence on the Li dendrite formation in SPEs. At a higher temperature (over 105 °C), 

significant dendrite growth was observed and caused failure of the cell, while under a lower 

temperature (lower than 90 °C), Li dendrite growth was prohibited.23 These results can be 

illustrated as that: at higher temperature, the SPE is melting, so they have lower mechanical 

strength compared at lower temperature, therefore, lithium dendrite formed at high 

temperature while inhibited at lower temperature. Thus, to prevent growth of lithium 

dendrites, a high shear modulus is required for SPEs. As proposed by Monroe and J. 

Newman, if the shear modulus of SPE is higher than that of lithium metal, the dendrite 

growth can be inhibited.24-27  

Another challenge is the electrochemical oxidation of SPEs at high voltages, which 

seriously restrict their applications in high energy density ASSLIBs.28 The instability of 

SPEs under high voltage makes the SPE/cathode interface a big challenge in high energy 

density ASSLIB systems. PEO-based SPEs are known to be electrochemically stable under 

3.8 V (vs. Li/Li+) (Figure 2.1c), so they are relatively stable towards LiFePO4 cathode that 

has a charging plateau at about 3.4 V.10 However, PEO-based SPEs fail to deliver good 

performance in ASSLIBs with a high voltage (>4 V) cathode such as LiCoO2.
29 To improve 

the stability of SPEs at high voltage, interfacial coating and double layer SPE approaches 

have been developed.29-32 
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Figure 2.1 (a) Structure of a crystalline PEO-based SPE consisting of PEO and LiAsF6. 

Left, PEO chain axis is perpendicular to the page. Right, PEO chain axis is parallel to the 

page. Purple spheres, Li; white spheres, As; pink spheres, F; light green, carbon in PEO 

chain 1; dark green, oxygen in PEO chain 1. Light red, carbon in PEO chain 2; dark red, 

oxygen in PEO chain 2. Hydrogens are not shown.4 (b) Temperature dependent ionic 

conductivity of PEO-based SPEs.21 (c) The electrochemical stability window of a PEO-

based SPE is only 3.8 V.28 (d)-(g) X-ray tomography slices show the evolution of Li 

dendrite formation in SPE and their 3-dimensional (3D) reconstruction diagrams (h).22  

2.1.2 Oxide-based solid-state electrolyte 

NASICON-type, perovskite-type, and garnet-type SSEs are the most popular oxide-based 

SSEs and have demonstrated feasibilities for ASSLIBs. Their intrinsic advantages, such as 

high ionic conductivity and air stability properties, make them attractable in the 

applications of ASSLIBs. Categorized by different structures, the oxide-based SSEs exhibit 

different ionic conductivities and chemical properties and face different challenges in the 

application of ASSLIBs. Representative examples will be discussed in this section. 
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NASICON-type SSEs; the name was given to a sodium superionic conductor NaM2(PO4)3 

(M = Ge, Ti, Zr), have the crystalline NASICON framework. The NASICON framework 

consists of corner sharing PO4 tetrahedra and MO6 (M = Ge, Ti, Zr) octahedra forming a 

3D network structure.33 Na+ ions are located on interstitial sites and transported along the 

c axis.34 By replacing Na+ with Li+, NASICON-type SSEs become Li+ ion conductors 

without the change of the NASICON crystal structure (Figure 2.2a). Currently, the most 

popular NASICON-type SSEs are Li1+xAlxTi2-x(PO4)3 (LATP) and Li1+xAlxGe2−x(PO4)3 

(LAGP), which are obtained by partial Al substitution of Ti or Ge, in LiTi2(PO4)3 and 

LiGe2(PO4)3, respectively. The highest ionic conductivity of NASICON-type SSEs 

reported to date at RT are in the range of 10-3 to 10-2 S/cm,34 which is almost comparable 

to that of liquid-based electrolytes. However, the rigid nature of NASICON-type SSEs 

makes it challenging to achieve good interface with the electrodes. Another challenge is 

that the Ti-containing LATP can react with reductants such as lithium metal (Figure 2.2j) 

and polysulfides, seriously restricting its application in high energy density ASSLIBs. 

Garnet-type SSEs have a general chemical formula of A3B2(XO4)3 (A = Ca, Mg, Y, La et 

al. B = Al, Fe, Ga, Ge, Mn, Ni or V; X = Si, Ge, Al), where A, B, and X have eight, six, 

and four oxygen coordinated cation sites in a crystalline face-center-cubic structure.35 The 

crystalline structure of cubic phase garnet-type SSEs is shown in Figure 2.2b. In cubic 

phase garnet SSE, Li are located at Li1 (24d) and Li2 (48g/96h) sites. The studies of garnet-

type SSEs cover Li3-tpye Li3Ln3Te2O12 (Ln = Y, Pr, Nd, Sm-Lu),36 Li5-type Li5La3M2O12 

(M = Nb, Ta),37 Li6-type Li6ALa2M2O12 (A = Mg, Ca, Sr, Ba),38 and Li7-type Li7La3X2O12 

(X = Zr, Sn, Ta).39 The first three garnet SSEs have relatively low RT ionic conductivity 

(∼10-5 S/cm), while Li7La3Zr2O12 (LLZO) possesses relatively high ionic conductivity (10-

4-10-3 S/cm). Therefore, research interests are mostly dedicated in LLZO and its derivatives 

with different elemental doping.40-42 Garnet-type SSEs are also attractive for their wide 

electrochemical window and superior stability towards lithium metal anodes.43 LLZO has 

two different phases, a lower ionic conductive tetragonal phase and a higher ionic 

conductive cubic phase. Cubic phase LLZO is more desirable for practical applications, 

but it usually requires very high sintering temperature to obtain the cubic phase.39 The 

Li+/H+ exchange,44 upon exposure to moisture, can cause LiOH, Li2CO3 formation on the 

LLZO surface, leading to additional problems such as poor lithium wettability and poor 
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ionic conductivity. Even though LLZO is known to have a high ionic conductivity and 

stability towards lithium metal anodes, the Li dendrite problem45,46 and interfacial 

mismatch issue, due to the rigid properties, remain challenging for garnet-type SSEs. 

LLZO and electrodes also suffer from the interphase problem. The interphase problem, due 

to side reactions or elemental diffusion at the interface between the oxide-based SSE and 

cathode have been reported. At the LiCoO2/LLZO interface, Co undergoes mutual 

diffusion with Zr and La (Figure 2.2d-h), forming an interphase with low ionic 

conductivity (i.e. high interfacial resistance). 

Perovskite-type SSEs, with a structure of ABO3 (A = Ca, Sr, La; B = Al, Ti), were first 

reported as an oxygen ion conductor.47 After aliovalent substitution of both metal ions in 

A-sites, with a formula of Li3xLa2/3-xTiO3 (Figure 2.2c), a Li+ ion conductor is obtained 

with a high bulk ionic conductivity over 10-3 S/cm at RT.48 Unfortunately, the high grain 

boundary resistance, high interfacial resistance, and poor compatibility of Ti4+ with the 

lithium metal anode, restrict their wide application in ASSLIBs. 

Overall, oxide-based SSEs have relatively high ionic conductivity and chemical stability 

at ambient. Oxide-based SSEs have the highest Young's modulus among all types of SSEs. 

The Young's moduli for LATP, garnet-type SSE LLZO, and perovskite-type SSE are 

115 GPa,49 150 GPa,50 and 203 GPa,51 respectively. This high elastic modulus could be 

beneficial for suppressing lithium dendrite formation if engineered properly, but it may 

result in the mismatch problem towards electrodes if the SSE has too high elastic modulus. 

Figure 2.2i shows the mismatch problem between NASICON SSEs and electrodes, where 

a big gap is present at the interface and laminating happend, which results in high interfacial 

resistance and poor electrochemical performance.  

In summary, interfacial mismatch and the lithium dendrite problem are the key challenges 

for oxide-based SSEs and more research efforts are required in this area. The strategies for 

these interfacial problems include (i) solidifying melting state lithium on SSEs to ensure 

intimate contact, (ii) co-sintering active materials and SSEs with a sintering additive, and 

(iii) creating a porous structure SSE to increase the contact area between electrode 

materials and SSEs. It is believed that engineering the interface with a soft and high ionic 
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conductive layer between the SSE and electrodes may be a good strategy to tackle the 

challenges for ASSLIBs with oxide-based SSEs. The details of these solutions will be 

discussed in the section 2.2. 

 

Figure 2.2 The crystalline structures of (a) NASICON, (b) Garnet, and (c) Perovskite 

SSEs.52 Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) study of 

LiCoO2/LLZO interface: (d) SEM image of a LiCoO2/LLZO interface and elemental 

distributions of (e) Al+, (f) Zr+, (g) La+, and (h) Co+; color scales show the concentrations 

of each ion where the upper color represents higher concentrations.53 (i) Scanning electron 

microscopy (SEM) image showing the poor contact between NASICON SSE and 

Li2MnO4.
54 (j) X-ray photoelectron spectroscopy (XPS) study on the reduction of Ti4+ in 

LATP by lithium metal anode.55  
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2.1.3 Sulfide-based solid-state electrolyte 

Sulfide-based SSEs can be categorized by amorphous, crystalline, and glass-ceramic 

sulfide SSEs. The representative amorphous sulfide-based SSEs are xLi2S·(1-x)P2S5 and 

xLi2S·(1-x)SiS2 systems. Both systems present an RT ionic conductivity over 10-

4 S/cm.56,57 Crystalline sulfide-based SSE Li3PS4 was first reported by Tachez et al.58 Later, 

Kanno's group reported a thio-LISICON type SSE, produced by replacing O2- of the 

LISICON [Li14Zn(GeO4)4] family, with S2-.59 The replacement leads to a higher ionic 

conductivity at RT, because S2- has a larger ionic radius, higher polarizability, and lower 

electronegativity than O2-. The replacement of O2- by S2- lowers the binding of Li+ in the 

crystal framework and enlarges the ion transport channel, thus enhancing the ionic 

conductivity.55 Most of the reported crystalline sulfide-based SSEs have an ionic 

conductivity over 10-4 S/cm at RT.60-63 Glass-ceramic sulfide-based SSEs are prepared by 

crystallization of glass-state SSEs. Glass-ceramic SSEs based on xLi2S·(1-x)P2S5 have 

received tremendous research attentions, especially after the discovery of Li10GeP2S12 

(LGPS) (Figure 2.3a-c) families and their derivations, such as Li9.54Si1.74P1.44S11.7Cl0.3 

(Figure 2.3d-f),61,64,65 which both exhibit ionic conductivities over 10-2 S/cm at RT. 

The high RT ionic conductivity and relatively soft mechanical properties of sulfide-based 

SSEs make them promising candidates for the application in ASSLIBs. ASSLIBs with a 

sulfide-based SSE can be fabricated by simply cold pressing without high temperature co-

sintering. However, sulfide-based SSEs suffer from serious instability issues with lithium 

metal anodes and the conventional cathode materials, which significantly hinder their 

practical applications in ASSLIBs. The side reaction behaviors between electrodes and 

sulfide-based SSEs have received much research attention.43,66-70 The electrochemical 

stability window of different types of sulfide-based SSEs were evaluated by theoretical 

calculations (Figure 2.3g) and experimental characterizations,43,66,70,71 where they showed 

that the sulfide-based SSEs have a narrow electrochemical stability window. In-situ XPS 

was performed to clarify the interfacial chemistry between sulfide-based SSEs and lithium 

metal, which confirmed the decomposition products of Li3P, Li2S, and Li-Ge alloy at the 

interface.69 The decomposed products have low ionic conductivities and thus introduce 

high interfacial resistance.  
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Considering the interface between sulfide-based SSEs and cathodes, the electrochemical 

instability problem and the formation of space-charge layer (SCL) seriously hinder the 

application of sulfide-based SSEs. The instability between sulfide-based SSEs and cathode 

materials, such as LiCoO2, were studied by theoretical calculation and transmission 

electron microscopy (TEM), confirming the side-reaction products of Li2S, CoS3 and 

Co(PO3)2 at the interface, which cause high interfacial resistance.68,72 SCL is typically 

formed at the interface between sulfide-based SSEs and LiCoO2, due to the chemical 

potential difference between them (Figure 2.3h-j).73 The high resistance of SCL 

significantly lowers the capacity and rate performance of ASSLIBs. Interfacial engineering 

by an oxide material coating layer such as Al2O3, Li4Ti5O12, and LiNbO3, has been 

demonstrated as an effective way to inhibit the side-reactions and SCL formation.73-75 

 

Figure 2.3 Crystal structure of LGPS sulfide-based SSE; (b) one dimensional view of 

LGPS framework; (c) Lithium ion conduction pathways in LGPS; zigzag conduction 

pathways along the c-axis are indicated.61 (d) Crystal structure of Li9.54Si1.74P1.44S11.7Cl0.3; 
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(e) nuclear distributions of Li atoms in Li9.54Si1.74P1.44S11.7Cl0.3 at 25 °C. (f) Comparison on 

ionic conductivities of the LGPS family, Li9.6P3S12 and Li9.54Si1.74P1.44S11.7Cl0.3.
64 (g) The 

first principles calculation for the phase equilibria of LGPS during the lithiation and 

delithiation process, where it shows the stable window of LGPS is 1.71 - 2.14 V.43 The 

equilibrium lithium concentrations predicted by the conventional model. (h) and the 

calculation model (i). (j) The equilibrium lithium concentrations predicted by the 

calculation model at the initial stage of charging for the LCO/LPS interface.73 (k) Capacity 

loss at the initial charge/discharge cycle and the loss of interfacial contact between cathode 

particles and a sulfide-based SSE.76 

Even though sulfide-based SSEs are relatively soft compared to oxide-based SSEs, sulfide-

based SSEs still experience the mismatch problem. Their poor flexibility still makes it 

difficult to buffer the volume change of the electrode materials during charge and 

discharge; the loss of intimate contact between the SSE and cathode particles eventually 

deteriorates the performance of the ASSLIBs (Figure 2.3k).76 Therefore, understanding 

the mechanical properties of SSEs and controlling the mechanical properties of SSEs to 

ensure good contact between the SSE and active materials are as important as preventing 

the SSE/electrode interfacial side-reaction, for building a high performance ASSLIB. 

2.1.4 Halide-based solid-state electrolyte 

In the 1970s, W. Weppner et al. first reported the halide-based SSE, LiAlCl4, which has 

ionic conductivity of 1×10-6 S/cm.77After that, only a few reports studied new types of 

halide-based SSEs.78-80 Though the ionic conductivities of these reported halide-based 

SSEs were relatively low, researchers are still persistent in their search for a high ionic 

conductivity halide-based SSE for ASSLIBs. This is because halide-based SSE have a 

stable interface with the cathode, which make them superior to sulfide-based SSE. And 

halide-based SSE are mechanically soft, which make them superior to the rigid oxide-based 

SSEs. Luckily, in 2018, T Asano et al. successfully enhanced the ionic conductivity of 

halide-based SSEs, Li3YCl6 and Li3YBr6, to 10-3 s/cm, by the high energy ball milling 

synthesis method. Moreover, 4 V class LiCoO2 ASSLIBs with Li3YCl6 halide SSEs showed 

very stable cycling performance. Inspired by this work, there is a great trend in synthesis 

novel high ionic conductivity halide-based SSEs for ASSLIBs.81-85 X. Li et al. prepared a 
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Li3InCl6 halide-based SSE by solution method, using water as the solution, which has an 

ionic conductivity of 2.03×10-3 S/cm.85 The as-prepared Li3InCl6 halide-based SSE also 

shows good air stability performance, which is superior over the sulfide-based SSE in terms 

of air stability.81 Halide-based SSEs with aliovalent substitution was studied by L. Nazar’s 

group, who used Zr to dope Li3MCl6 (M = Y, Er) to enhanced its ionic conductivity to 

1.4×10-3 S/cm. The Zr doped halide-based SSE also shows very good performance in 

LiCoO2 ASSLIBs.  

Though halide-based SSEs have very good compatibility with cathode materials, high ionic 

conductivity at RT, and facile fabrication process for ASSLIBs, their compatibility with 

lithium metal anodes and other anodes such as graphite, indium and silicon, is very poor. 

All the reported ASSLIBs performed with halide-based SSEs must use a layer of sulfide-

based SSE at the anode side to avoid the direct contact between the halide-based SSE and 

anode. This will satisfy the energy density of the SSLIBs. Thereafter, the synthesis of both 

anode stable and cathode stable halide-based SSEs, aliovalent substitution of halide-based 

SSE, and using protected lithium anodes for halide-based SSEs, are the main future 

research directions.  

2.1.5 Hybrid solid-state electrolyte 

2.1.5.1 Insulating fillers in SPEs 

Hybrid electrolytes, rationally combining two or more types of SSEs with complementary 

advantages, are promising for building feasible ASSLIBs. Coupling desired soft 

electrolytes and stiff inorganic SSEs can ensure good electrode wettability, high ionic 

conductivity, and high mechanical strength to prevent lithium dendrite formation at the 

same time. Before wide development of the hybrid electrolyte concept, composite 

electrolytes with insulating fillers and a SPE matrix had received much research attention. 

The insulating fillers in the composite electrolytes can improve the ionic conductivity to 

some extent. In the early 1980s, α-Al2O3 was introduced to a SPE for the first time. The 

insulating fillers are shown to be able to improve the ionic conductivity by almost two 

orders of magnitude, to 10-5 S/cm at RT.86,87 Thereafter, other different metal oxides such 

as TiO2,
88-89 ZrO2,

90,91 and SiO2
90,92,93 have been widely studied in composite electrolytes. 
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Besides metal oxides fillers, metal organic framework (MOF) with a coordination network 

composed of central metal ions and organic ligands, exhibiting properties of both inorganic 

and organic materials, are proposed as unique fillers. In comparison with the traditional 

inorganic fillers, MOFs not only possess some similar properties to metal oxide fillers, 

such as high thermal stability, large surface area, and abundant Lewis-acid sites, but also 

have easily modified organic functional groups for improving the ionic conductivity and 

interfacial compatibility as well.94,95 Based on the above advantages, C. Yuan et al., 

dispersed MOF-5 nanoparticles into a PEO electrolyte. As a result, improved interfacial 

stability and an ionic conductivity of 3.16×10-5 S/cm at 25 °C were obtained.96 Besides, 

several different kinds of MOFs such as Al(BTC) and MIL-53(Al), with similar roles, were 

proposed to improve ionic conductivity.97,98 In order to compensate for the decreased ionic 

conductivity resulting from the aggregation of high surface energy of MOFs fillers, Z. 

Wang et al. linked the MOF nanoparticles to the flexible polymer chains by the one-pot 

UV photopolymerization method. Benefitting from the uniformly dispersed MOF fillers 

via chemical bonding, a ionic conductivity of 4.31×10-5 S/cm at 30 °C was achieved.95 

Despite the improved ionic conductivity, mechanical properties, and interfacial 

compatibility by adding these insulating fillers, the relatively low ionic conductivity level 

of 10-5 S/cm at RT still cannot meet the practical demands for ASSLIBs. 

2.1.5.2 Polymer-oxide SSE hybrid electrolyte 

Considering aforementioned inorganic fillers are ionic insulator, which significantly limits 

further improvements of the ionic conductivity. A composite electrolyte, with an oxide-

based SSE mixed with a SPE, is discussed in this part. The combination of a SPE and an 

oxide-based SSE can realize mechanical flexibility, high ionic conductivity, good 

wettability to electrodes, good mechanical properties, no Li dendrites, and an enhanced 

electrochemical stability window at the same time. This type of composite electrolyte can 

be classified as ‘ceramic in polymer’ and ‘polymer in ceramic’ according to the contents 

of the ceramic fillers (Figure 2.4a-b). Many recent studies focus on enhancing the ionic 

conductivity of SPEs by adding oxide-based SSE fillers. NASICON-type SSEs, including 

LATP and LAGP, have been reported.99-103 The inorganic SSE fillers can not only reduce 

the crystallinity of the polymer matrix but also possibly provide extra ion transporting 



24 

 

pathways. Y. Wang et al. systematically studied the effect of the incorporation of LATP 

fillers in a PEO-LATP hybrid electrolyte. They found that increasing the LATP content 

can decrease the melting temperature (Tm) of the PEO complex. Scanning electron 

microscopy (SEM) analysis showed there is decrease of size of the PEO spherulites after 

addition of LATP fillers. An ionic conductivity of 1.167×10-3 S/cm at 60 oC was achieved 

with 15 wt.% LATP fillers at an EO/Li+ ratio of 8.101 

Since LATP suffers from the Ti4+ reduction problem when it is in contact with a lithium 

metal anode, LAGP of the same structure but without Ti4+, also received much research 

attention in composite electrolytes. Y. Zhao et al. had studied the influence of size and 

concentration of LAGP on the ionic conductivity of the PEO-LAGP-LiTFSI hybrid 

electrolyte. With different sizes of LAGP fillers, the hybrid electrolyte achieved optimal 

ionic conductivities with 15-20 wt.% of LAGP. For example, the ionic conductivity of 

PEO-LAGP-LITFSI was optimized to 6.76×10-4 S/cm at 60 oC with 20 wt.% nano-sized 

LAGP.104 Enhanced ionic conductivity with perovskite-type SSE fillers in a SPE matrix 

was also observed.105 Y. Cui's group synthesized a nanowire shape of LLTO and 

incorporated it into a PAN-LiClO4 SPE. They found that with 15 wt.% nanowire LLTO 

fillers, the hybrid electrolyte PAN-LLTO-LiClO4 exhibited a RT ionic conductivity of 

2.4×10-4 S/cm. 

Similar to other oxide-based SSEs, the garnet type SSE LLZO has high ionic conductivity 

at RT, as well as good electrochemical, chemical, and thermal stability. But unlike the 

LATP containing an unstable Ti4+ constituent, LLZO possesses superior electrochemical 

stability towards lithium metal anodes.70,106 Consequently, LLZO fillers are expected to 

not only improve the ionic conductivity but also further improve the stability of hybrid 

electrolytes at the interface with lithium metal anodes.107 The reported data shows that 

SPE-LLZO hybrid electrolytes with different polymer-to-filler ratios had a wide range of 

ionic conductivities from 10-6 to 10-4 S/cm at RT. While an RT ionic conductivity of 10-

6 S/cm order of PEO-LITFSI SPE filled in LLZO (70 wt.%) was reported by M. Keller et 

al.,108 an RT ionic conductivity of 10-4 S/cm of PEO-LLZO hybrid electrolytes was also 

reported by L. Hu’ group109 and J. Zhang et al.110 In the latter two cases, the reasons for the 
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higher ionic conductivities are probably because of the usage of the 3 dimensional (3D) 

LLZO flamework and ultra-small (∼40 nm) size of LLZO as the fillers. 

In addition to the wide application of PEO-based SPEs in hybrid electrolytes, polymer 

electrolytes based on other polymer structures, such as polyvinylidene fluoride (PVDF), 

PVDF-HFP, and polyethylene carbonate (PEC), also received much research attention for 

constructing hybrid electrolytes due to their unique properties, such as high mechanical 

strength and a high lithium transference number.19,111-115 However, additional solvent, 

liquid electrolyte, or combination with other SSEs are required to achieve feasible battery 

performance in these systems. The PVDF-LLZO hybrid electrolyte reported by X. Zhang 

et al. exhibited a high ionic conductivity of 5×10-4 S/cm at 25 °C, but the residual DMF 

solvent, remaining from the preparation process, was found in the hybrid electrolyte, 

according to their thermogravimetric analysis (TGA) results. The DMF content could have 

played an important role in the high ionic conductivity and battery performance at RT. 

LiCoO2 batteries with this PVDF-LLZO hybrid electrolyte exhibited excellent cycling 

performance and rate performance, delivering a discharge capacity of 130 mAh/g at 4 C 

rate, which is overcomparable to that of liquid electrolyte systems.112 C. Sun's group 

reported a PVDF-HFP-LLZO hybrid electrolyte with RT ionic conductivity of 1.23×10-

6 S/cm, which was increased to 1.1×10-4 S/cm with the addition of a 20 μL liquid 

electrolyte.115 The LiFePO4 battery with the PVDF-HFP-LLZO-liquid hybrid electrolyte 

presented excellent electrochemical performance at RT. L. Fan's group reported a PEC-

LLZO hybrid electrolyte prepared by a solution casting method, which had an ionic 

conductivity of 5.24×10-5 S/cm at 55 °C. This PEC-LLZO hybrid electrolyte presented 

much better thermal stability compared to a commercial Celgard separator and rendered a 

stable flexible ASSLIB at elevated temperature.111 

‘Polymer in ceramic’ composite electrolytes have high mechanical strength which is good 

at dendrite suppression. However, poor interfacial contact with electrodes results in high 

interfacial resistance. ‘Ceramic in polymer’ composite electrolytes have better interfacial 

contact with electrodes, but their strength is not enough for dendrite suppression. The 

design using a ‘polymer in ceramic’ composite electrolyte as the main ionic conductor and 

separator and ‘ceramic in polymer’ composite electrolyte as the interface, to ensure 
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intimate contact with the lithium anode, can render a long cycling performance, dendrite 

free ASSLIB (Figure 2.4c-e).116 

 

Figure 2.4 The composite electrolytes of (a) ceramic in polymer and (b) polymer in 

ceramic. Lithium dendrite growth mechanism of (c) ‘polymer in ceramic’ with SPE filled 

in 5 μm size of LLZTO garnet SSE, (d) ‘ceramic in polymer’ with 200 nm size of LLZTO 

garnet SSE filled in SPE and (e) sandwich type composite electrolyte with ‘ceramic in 

polymer’ composite electrolyte at the Li/‘polymer in ceramic’ composite electrolyte 

interface.116 

2.1.5.3 Polymer-sulfide composite electrolytes 

Sulfide-based SSEs have much higher ionic conductivities at RT than oxide-based SSEs, 

some of which are even comparable to liquid electrolytes.61 Therefore, it is attractive to 

combine sulfide-based SSEs with SPEs to achieve decent ionic conductivity and 

mechanical properties. X. Xu’s group reported an improved ionic conductivity, enlarged 

electrochemical window, and stabilized electrolyte/Li interface hybrid electrolyte 

consisting of LGPS and PEO-LITFSI SPE. In addition, the succinonitrile doping further 

increased the RT ionic conductivity of this hybrid electrolyte.117 Another type of sulfide-
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based SSE, containing Li2S, P2S5 and P2O5, Li3PS4, has also been reported to complex with 

PEO-based SPE.118,119 Similar to the insulating fillers and oxide-based SSE filler, the 

enhancement in the ionic conductivity and interfacial stability toward the lithium metal 

anode was also achieved after adding sulfide-based SSEs into the SPE. 

To address the instability of sulfide-based SSEs in air and to enhance its flexibility, 

integrating SPEs into a sulfide-based SSE matrix is a strategy (‘polymer in ceramic’). 

Sulfide-based SSEs have a Young's modulus in the range of 14-37 GPa. Although the 

values are lower than that of oxide-based SSEs (∼150 GPa),120,121 the sulfide-based SSEs 

are still rigid and brittle, resulting in high grain boundary resistance and high interfacial 

resistance towards electrodes. The rigid property cannot accommodate the volume change 

of electrodes during the charge/discharge process. To address these problems, a SPE, 

whose elastic modulus is around 20 MPa, three orders of magnitude lower than that of 

sulfide-based SSE,122 is introduced to improve flexibility and enhance the ambient stability 

of the sulfide-based SSE. However, the incorporation of a low ionic conductive SPE into 

a sulfide-based SSE matrix will sacrifice the high ionic conductivity. For example, 

incorporation of 1 wt.% - 5 wt.% comb shaped polymer (poly(oxyethylene)s with 

tri(oxyethylene)s as side chains (this polymer has the molecule structure of -(CH2CH2O)l-

(CH2CHO-(CH2O(CH2CH2O)3CH3))m)p-, l = 81, m = 19)) complexing with LiClO4 into a 

95(0.6Li2S·0.4SiS2)·5Li4SiO4 (mol%) sulfide-based SSE resulted in an ionic conductivity 

of ∼10-5 S/cm at 60 °C, which is almost 10 times lower than that of the bulk sulfide-based 

SSE, despite enhancing the flexibility of the SSE.123 Thus, SPEs with high ionic 

conductivities are preferred. PFPE (hydroxy-terminated perfluoropolyether polymer) 

random copolymers-based SPEs with an ionic conductivity over 10-4 S/cm at RT are 

favorable.124 I. Villaluenga et al. integrated 23 wt.% of PFPE-LITFSI SPE into a sulfide-

based SSE (75Li2S·25P2S5) matrix to fill up the gaps in the sulfide-based SSE pellets 

obtained from the cold press process. Significantly faster ion transport and lower grain 

boundary resistance were achieved in this hybrid electrolyte by the compact packing. They 

also developed a method to calculate the ionic conductivity, σcalc, of the hybrid electrolyte, 

by the following equation (Eq. (2.1)) (ignoring any tortuosity): 

𝜎𝑐𝑎𝑙𝑐 = 𝜑𝑠𝑢𝑙𝑓𝑖𝑑𝑒 ∗ 𝜎𝑠𝑢𝑙𝑓𝑖𝑑𝑒 + 𝜑𝑃𝐹𝑃𝐸 ∗ 𝜎𝑃𝐹𝑃𝐸     Eq. (2.1) 
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where φsulfide and φPFPE are the volume fractions of the sulfide-based SSE and PFPE-LITFSI 

SPE; σsulfide and σPFPE are the corresponding ionic conductivities. The calculated values 

were in good consistence with the experimental values. The as-prepared hybrid electrolyte 

achieved an ionic conductivity over 10-4 S/cm at 30 °C.125 

In a short summary, the ionic conductivities of each individual SSE and composite hybrid 

electrolytes are compared in Figure 2.5. From this figure, it is clear that the reported hybrid 

electrolytes have comparable ionic conductivities to the individual SSEs such as oxide-

based SSEs, SPE and sulfide-based SSEs. 

 

Figure 2.5 Comparison on ionic conductivities of different types of SSEs including 

NASICON-type, garnet-type, perovskite-type, sulfide-based SSEs, SPE, and hybrid 

electrolytes with composite structure. Hybrid electrolytes show comparable ionic 

conductivities to other individual SSEs.126 

2.2 Solutions for high-performance solid-state batteries 

To address the challenges in SSBs, many approaches have been developed and have 

accomplished great progress. In this chapter, different strategies for the challenges 

including (i) low ionic conductivity, (ii) the mismatch problem, and (iii) the incompatibility 

problem, will be summarized and discussed.  
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2.2.1 Solutions for solid-state lithium batteries with solid polymer 
electrolyte  

2.2.1.1 Improving the ionic conductivity of solid polymer electrolyte 

In the past two decades, many efforts have been dedicated to study the mechanism of 

insulating fillers (e.g. Al2O3, TiO2, SiO2) in improving the ionic conductivity of composite 

electrolytes. The improvements due to insulating ceramic fillers were proposed by the 

following mechanisms: (i) the fillers physically interrupt and suppress the crystallinity of 

the polymer; (ii) Lewis acid-base type surface interactions between the filler surface and 

polymer chains kinetically inhibit the crystallization of polymer chains; (iii) Lewis acid-

base interactions at the interface between the fillers’ surface and the SPE provide 

preferential pathways for Li+ ion conduction; (iv) Lewis acid-base type surface interactions 

with the lithium salt facilitate the dissociation of the salt.127-132 In addition to the above-

mentioned filler effects, the inorganic SSE filler bulk can also serve as extra Li+ ion 

conduction channels, showing advantages over the insulating fillers.108,133 Therefore, SSE 

fillers are preferred when designing a high ionic conductive composite electrolyte. In this 

chapter, focusing on the ionic conductivity enhancement for hybrid electrolytes, effects of 

size, concentration, and shape of the SSE fillers, as well as plasticizer effects, will be 

discussed. 

i) Size and concentration of fillers 

For insulating fillers, such as TiO2, Al2O3 and SiO2, smaller size is preferred. Nano-sized 

fillers with high specific surface areas are able to provide strong interaction with the 

polymer chains and lithium salts. Ceramic fillers interrupt the long-range order of polymer 

chains and thus increase the percentage of amorphous phase. The effect is more significant 

when the size of fillers is close to the chain length of the polymer.134 M. Dissanayake et al. 

had systematically studied the effects of Al2O3 filler size and concentration on 

conductivities in a PEO-LiCF3SO3 (LiTf) SPE.128 They found that the smaller size of the 

fillers led to a higher ionic conductivity. The optimal ionic conductivity achieved with 5.8 

nm size Al2O3 fillers was one order of magnitude higher than that with 10 μm size fillers. 
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They believed that the smaller sized Al2O3 fillers have higher surface areas which are 

beneficial to the favorable surface interactions. 

The effects of size and concentration of LLZO SSE fillers in a PEO polymer matrix was 

systematically studied by J. Zhang et al..110 In the study, PEO-LLZO hybrid electrolytes 

were prepared without any lithium salts. They believed that Li+ near the LLZO particle 

surface can be influenced by the PEO polymer. As a consequence, lithium vacancies on 

the LLZO grain surface are created. The surface Li vacancies of LLZO provide sites for 

Li+ transfer. As a result, both high ionic conductivity of LLZO particles and the surface 

vacancies contributed to the overall conductivity enhancement of the hybrid electrolyte. 

The percolation effect was considered to play an important role in improving ionic 

conductivity. Figure 2.6a shows the ionic conductivities of PEO-LLZO hybrid electrolytes 

with different sizes of LLZO fillers and different concentrations. With the size of 40 nm, 

400 nm and 10 μm LLZO fillers, the conductivities were optimized at 12.7, 15.1, and 

21.1 vol.%, respectively. The highest ionic conductivity of PEO-LLZO composite 

electrolyte at 30 °C can be over 10-4 S/cm with 12.7 vol.% 40 nm LLZO fillers. Y. Zhao et 

al. also studied the effects of LAGP filler size and concentration on ionic conductivity for 

PEO-LAGP-LITFSI composite electrolytes.104 With different sizes of LAGP fillers, the 

conductivities were optimized with 15-20 wt.% LAGP fillers. For example, with 20 wt.% 

nano-size LAGP fillers, the hybrid electrolytes exhibited the highest ionic conductivity of 

6.76×10-4 S/cm at 60 °C. 

ii) Shape of fillers 

Depending on the Li+ ion conduction mechanism, the shape of SSE fillers can be an 

important factor effecting the ionic conductivity of composite electrolytes. For insulating 

ceramic fillers, the conductivity improvement mainly relies on the interactions of their 

surface groups with the surrounding polymer chains and lithium salts. As long as the 

insulating fillers have high surface area, allowing effective surface interactions, the 

particular shape of insulating fillers is not of importance. Particle shape of insulting fillers 

are most commonly used in this case since the variety of metal oxides such as nano-size 

Al2O3, SiO2, and TiO2 particles with different surface groups are easily accessable.2,135-138 
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Additionally, besides surface interactions between fillers and polymer and lithium salts, 

ionic conducting SSE fillers can provide additional Li+ ion pathways within the fillers, 

hence particular interconnecting structures can be designed to maximize ionic conductivity 

and minimize the grain boundary. In addition to commercial and home-made nano-size 

SSE particles,104 novel shapes of nanowire (random or vertically aligned) and 3D network 

structures have been rationally designed and synthesized for hybrid electrolytes.99,105,109 

One dimensional LLTO nanowire fillers can be prepared by electrospinning 

polyvinylpyrrolidone polymer fiber that contain Li, La, and Ti salts and subsequent 

calcination at 600-900 °C in air for 2 h.105 The nanowire fillers were applied in a PAN-

LiClO4 based hybrid electrolyte in comparison with LLTO nanoparticle fillers. As 

schematically shown in Figure 2.6b, the interconnecting nanowires provide a network for 

fast Li+ ion conduction, while the Li+ ion pathway is intermittent through the discrete 

particles. The nanowire LLTO fillers enabled significantly higher ionic conductivity than 

nanoparticle LLTO fillers with the same concentration. With 15 wt.% LLTO nanowire 

fillers, an ionic conductivity over 10-4 S/cm was achieved at 20 °C. 

Simply mixing the inorganic SSE particles and SPE, where the SPE is a continuous phase 

and the inorganic SSE is a dispersed phase, is the most common method to prepare 

composite electrolytes. However, the Li+ ion can only transfer within SPE rather than from 

high conductive inorganic SSE particle to another, which significantly decreased the 

capability of SSE fillers. In this consideration, 3D continuous inorganic conductive 

frameworks were developed for shortening the Li+ ion transport pathway and to further 

enhance the ionic conductivity. A vertically aligned LATP, fabricated via an ice-template 

method, and filling with PEO-based SPE had been reported by Y. Yang's group (Figure 

2.6c). The vertical structure of LATP is expected to provide a fast-ionic conductive channel 

in the composite electrolyte, thus, the result showed that a high ionic conductivity of 

5.2×10-5 S/cm at RT was achieved.99 L. Hu's group developed a 3D Li+ ion conducting 

network with garnet-type SSE LLZO to provide continuous channels for Li+ ion 

conduction in a PEO matrix (Figure 2.6d).109,139 The RT ionic conductivity of this 

composite electrolyte was up to 2.5×10-4 S/cm, which was among the highest reported ionic 

conductivities for polymer-oxide hybrid electrolytes.109 As a proof of concept, a continuous 
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Li+ ion conducting network can effectively improve the RT ionic conductivity of polymer-

oxide hybrid electrolytes. 

iii) Adding plasticizers 

Besides tuning the shapes and properties of fillers, composite electrolytes can be tailored 

for higher ionic conductivity by adding plasticizers (Figure 2.6e). Plasticizers can be low-

molar-mass organics, organic solvents or ionic liquids (ILs). The working principle of 

plasticizers is to increase the content of amorphous phase of the polymer and improve 

segmental motion; at the same time, plasticizers promote the dissociation of lithium salt 

and thus increase the number of effective charge carries.140-142 Succinonitrile (SN) is a good 

example of a plasticizer which remains a plastic crystal under RT. Importantly, composites 

of SN and lithium salts have very high RT ionic conductivity (in the order of 10-4 S/cm). 

Studies show that incorporating just a small amount of SN (9 wt.%) into a PEO-LAGP-

LiClO4 hybrid electrolyte can significantly improve the RT ionic conductivity from 3.0×10-

5 to 1.1 10-4 S/cm. Using this hybrid electrolyte, ASSLIBs with a LiFePO4 cathode 

delivered satisfying discharge capacity at 0.2 C and 0.5 C under 25 °C.103  

Using liquid organic electrolytes as plasticizers is also a very popular method to enhance 

the ionic conductivity and ensure complete wetting of electrodes for RT SSBs’ 

functionality.102 Hybrid electrolytes of P(VdF-co-HFP)-LAGP-carbonate liquid electrolyte 

and P(VdF-co-HFP)-LLTO-carbonate liquid electrolyte had been reported by Seul-Ki Kim 

et al. and Hang T. T. Le et al. respectively. Both hybrid electrolytes presented good 

electrochemical performance in RT SSBs.102,143 

In summary, the influences of the size, concentration, and shape of the SSEs’ fillers in 

composite hybrid electrolytes are critical for the enhancement of the ionic conductivity of 

hybrid electrolytes. Small size and interconnected shape of SSE fillers are favorable. The 

presence of plasticizers in composite electrolytes can also enhance the ionic conductivity 

because it can lower the crystallinity of polymer and promote the dissociation of lithium 

salt. 



33 

 

 

Figure 2.6 Strategies for designing a high ionic conductivity hybrid electrolyte. (a) Size 

and concentration effects on the ionic conductivity of PEO-LLZO hybrid electrolytes.110 

(b) Comparison of the lithium ion transport pathways in hybrid electrolytes with nanowire 

or particle LLTO fillers.105 Reproduced with permission. (c) Vertically aligned lithium ion 

transporting channels to enhance the ionic conductivity.99 (d) Creating a 3D ionic 

conducting ceramic network for enhancing the ionic conductivity of a hybrid electrolyte.109 

(e) Plasticizer additives to increase the RT ionic conductivity of a hybrid electrolyte.144 

2.2.1.2 Solutions for lithium dendrite formation 

i) Enhancing the mechanical strength of solid polymer electrolytes 

Lithium dendrite formation in SPEs is believed to be due to the poor mechanical strength 

of the SPE. Therefore, enhancing the mechanical strength of SPEs can physically prevent 

lithium dendrite formation in SPE based lithium batteries. The strategies for enhancing the 

mechanical strength of SPEs include (1) adding fillers into the polymer metric; (2) using 

high mechanical strength of framework to support the SPE and (3) synthesizing the cross-

linked polymer electrolyte. For the first approach, oxide-based SSEs are a good choice as 
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the fillers for reinforcing the SPEs. A successful sample was demonstrated by F. Chen et. 

al. who used LLZO particles as the fillers in a PEO-based SPE, and improved the cycling 

performance of a lithium symmetric cell.145 Using LATP and MOFs as the fillers for 

reinforcing SPEs have also been reported, and both presented excellent dendrite free 

cycling performance.146,147 

For the second approach, the strength framework supports, such as polymer separator, glass 

fiber, and 3D lithium ion conductor oxide-based SSEs, have been tried in reinforcing the 

SPEs. J. Wu et al. had used a 5 µm thick polyethylene separator as a support and filled with 

PEO-based SPE to make thin film high strength polymer electrolyte. The as-prepared SPE 

showed excellent cycling performance in lithium symmetric cells, with 1500 h 

charge/discharge without short circuit at a current density of 0.1 mA/cm2 and a capacity of 

0.1 mAh/cm2.148 X. Guo’s group had prepared a 3D garnet SSE framework via the 

polymeric sponge method. Then, this 3D garnet SSE framework was immersed into a PEO-

based SPE solution to obtain a hybrid electrolyte. This hybrid electrolyte had very good 

electrochemical performance in lithium symmetric cells and SSLBs (Figure 2.7a,b).149 

For the third approach, the cross-linking of polymer has higher Young’s module than that 

of single chain structure polymer, so they exhibit better dendrite inhibit capability. The 

successful demonstrations of this concept were done by Q. Lu et al.150 and H. Liao et al.151 

who used a novel initiator free, one pot synthesis strategy based on a ring opening 

polymerization reaction, to prepare high mechanical strength cross-linked polymer 

electrolytes for dendrite free lithium metal batteries. 

ii) Salt effects 

PEO or EO containing polymers have great capacity to complex with salts that have high 

ionization ability. SPEs are the mixture consisting of polymer metric and dissociated 

lithium salt. The salt plays an important role in the formation of the solid electrolyte 

interphase in ASSLIBs. Therefore, by adjusting the content of salt in SPEs, the formation 

of the SEI layer can be controlled. Based on this mechanism, the salt effect in liquid organic 

electrolytes for lithium metal batteries have been widely studied. Salts such as CsPF6, 

LiFSI, LiODFB etc. have been studied in improving dendrite free lithium metal batteries 
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with liquid organic electrolytes.152-155 Similar to the effects in liquid batteries, the salts in 

SPE based lithium metal batteries also showed a big influence in the dendrite formation. 

X. Yang et al. added CsClO4 salt in PEO-based SPE and studied the effect of Cs+ on 

inhibiting lithium dendrite growth. It is proposed that Cs+ can form a positively charged 

electrostatic shield around the initial lithium tips. This can force further deposition of 

lithium to adjacent regions of the anode and result in a dendrite-free lithium deposition.156 

The effects of LiN3 and LiNO3 salt additives in PEO-based SPE were studied by G. Eshetu 

et al.157, who found that LiN3 is a good additive for the formation of a compact and highly 

conductive passivation layer on the lithium metal anode, which therefore avoids dendrite 

formation (Figure 2.7c-e). 

iii) Interface engineering 

The lithium platting and stripping processes happen at the surface of the lithium metal 

anode; thus, the surface structure and chemical properties are important for dendrite free 

lithium metal batteries. To adjust the chemical properties of the lithium metal anode, 

surface coating is one of the promising methods. There are tremendous works reporting the 

surface coating of lithium metal for dendrite free liquid organic batteries. The coating 

materials, ranging from metal oxides,158,159 polymers,160 and metal sulfides161 to nitrides162 

and halides163, have been tried in lithium batteries to avoid the dendrite growth. In the 

lithium metal batteries with SPEs, coating strategy also works effectively. L. Wang et al. 

applied ALD deposited Al2O3 to protect lithium metal and applied it in the SPEs lithium 

batteries. With a 20 nm thick Al2O3 coating, a lithium symmetric cell had a cycle life of 

660 h at a current density of 0.1 mA/cm2. (Figure 2.7f,g)164 
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Figure 2.7 (a) Synthesis process of 3D garnet SSE framework for reinforcing the SPE. (b) 

comparison of lithium symmetric cells performance with garnet-SPE composite electrolyte 

and 3D garnet SSE framework reinforced SPE.149 (c) Electrochemical behavior of lithium 

metal electrodes in SPEs with different salts. Galvanostatic cycling of lithium symmetric 

cells at 0.1 mA/cm2 (half cycle time 2 h) at 70 °C. (d) and (e) Schematic illustration of the 

reaction mechanisms for the electrolytes containing LiN3 and LiNO3 additives, 

respectively.157 (f) Schematic illustration of Al2O3 coated lithium metal anode for SPE 

symmetric cells. (g) Electrochemical behavior of lithium metal electrodes in SPEs with 

different thickness of Al2O3 coating.164 
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2.2.1.3 Solution for low electrochemical stability window 

SPEs have a low electrochemical stability window, which is the main reason for their poor 

performance in high voltage ASSLIBs. For PEO-based SPEs, it is well accepted that their 

oxidation windows are lower than 3.8 V vs.Li/Li+,28 which means SPEs will be oxidized 

when the ASSLIBs are charged to over 3.8 V. The decomposed products of the SPEs will 

form the unstable CEI in the cathode interface, resulting in high interfacial resistance. 

Therefore, the challenges of the low electrochemical oxidation windows of SPEs must be 

addressed for high energy density ASSLIBs application. 

i) Interface engineering 

To avoid the decomposition of SPEs, artificial CEI can be designed to enhance the stability 

of the electrolyte/cathode interface according to the theory proposed by J. B. Goodenough 

et al.165 who proposed that a cathode, with a electrochemical potential below the highest 

occupied molecular orbital (HOMO) of the electrolyte, will oxidize the electrolyte, unless 

a passivation layer blocks electron transfer from the electrolyte HOMO to the cathode. The 

artificial CEI can work as such a passivation layer, therefore preventing the decomposition 

of the SPE.  

To fabricate the artificial CEI, coating with an inert material at the cathode particles is the 

most popular way. In 2005, S. Seki et al had tried to coat Li3PO4 on the surface of LiCoO2 

particles for coupling with SPE. The results showed that Li3PO4 coating can improve the 

SPE/cathode interfacial stability and improve the cycling performance of solid polymer 

batteries.31 Similarly, using Al2O3 as the coating material for engineering the SPE/LiCoO2 

interface was studied by H. Miyashiro et al. and similar results as Li3PO4 coating was 

obtained (Figure 2.8a-c).29 

Polymer material as the coating layer was also studied by G. Cui’s group who used 

poly(ethyl α-cyanoacrylate) (PECA) to protect the SPE/LiCoO2 interface for enhancing the 

cycling performance of 4 V class solid polymer batteries. However, they proposed that 

PECA coating prevents the decomposition of lithium salt in the SPE rather than prevents 

the decomposition of the PEO polymer metric.30  
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Oxide-based SSE LATP, as the coating material for engineering the SPE/LiCoO2 interface, 

have also been studied by H. Li’s group. LATP SSE has a high oxidation window of up to 

4.3 V according to the theoretical calculation, it has high ionic conductivity of over 10-3 

S/cm at RT. Therefore, it should be a good coating material for ASSLIBs. H. Li’s group 

applied a solution-based synthesis method to coat a 20 nm thick layer of LATP on the 

LiCoO2 particles. The as-coated LiCoO2 cathode exhibited stable cycling performance in 

solid polymer batteries, demonstrating that LATP coating has great capacity to stabilize 

the SPE/cathode interface.166  

Even though the as mentioned coating methods can improve the performance of solid 

polymer batteries at high voltage, the improvement is minor and the performances of SSBs 

are still far from practical application. 

ii) Double layer solid polymer electrolyte 

Since the coating strategy can only improve the performance of high voltage solid polymer 

batteries slightly, double layer structure of SPEs was developed. Double layer SPEs have 

two layers of SPEs in solid polymer batteries, with one anode stable SPE and one cathode 

stable (high voltage stable) SPE (Figure 2.8d). Based on this strategy, W. Zhou et al. used 

a PEO-based SPE for the anode layer and poly(N-methyl-malonic amide) SPE for the 

cathode layer to fabricate a SSLIB with a LiCoO2 cathode and lithium metal anode. A 

capacity retention of 91.2% after 100 cycles of charge/discharge was achieved with such a 

structure of batteries (Figure 2.8e-h).32 In another study by G. Cui’s group, a multi-layer 

of PEO-based SPEs with different lithium salt in different layer was investigated and it is 

regarded as the double layer SPEs. At the cathode side, a PEO-based SPE with LiTFPFB 

salt was used and LiTFSI+5% LiTFPFB salts were used for the anode side of the SPE. 

With such a design, solid polymer batteries with Ni-rich cathodes delivered higher stable 

cycling performances compared to the single salt of PEO-based SPEs.167 

Double layer structure SPEs seem to have better cycling performance compared to the 

reported coating methods. However, double layer structure SPEs may increase the 

thickness of the SPE and sacrifice the energy density of solid polymer batteries. Also, 
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double layer structure SPEs will increase one more interface between different SPEs, which 

may increase the overall resistance of the cell. 

 

Figure 2.8 (a) TEM images of (a) noncoated LiCoO2 and (b) Al2O3 coated LiCoO2 particle. 

(c) comparison of cycling performance of noncoated LiCoO2 and Al2O3 coated LiCoO2 in 

solid polymer batteries.29 (d) Schematic illustration of double layer structure SPE for 

ASSLIBs. (e) Charge/discharge profile of ASSLIB with double layer structure SPE. (f) 

Comparison of cycling performance of ASSLIBs with different structure SPEs. (g) Rate 

performance of ASSLIB with double layer structure SPE. (h) Comparison of impedance 

curves of ASSLIB with double layer structure SPE and with single PEO-based SPE before 

and after cycling.32 

2.2.2 Solutions for high-performance solid-state batteries with 
oxide-based solid-state electrolytes 

Oxide-based SSEs are promising SSEs for ASSLIBs due to their air stability and high ionic 

conductivity. Unfortunately, their rigid properties make it difficult to realize an intimate 

contact and good binding with the electrode interface. To address this challenge, several 

strategies were developed.  
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2.2.2.1 Oxide-based solid-state electrolytes with lithium anode 
interface 

In terms of oxide-based SSE/lithium interfaces, different types of oxide-based SSEs have 

different challenges. For garnet SSE LLZO, the problem is only the mismatch issue, since 

LLZO is high stable towards lithium metal. However, for Ti4+ containing oxide-based 

SSEs, such as LATP and LLTO, not only the mismatch problem, but also the reduction of 

Ti4+ by lithium metal matters. Therefore, for addressing these challenges, different 

approaches were studied. 

Melting lithium metal to its liquid state, then solidifying it at the surface of oxide-based 

SSEs is the most popular method to fabricate oxide-based SSE/lithium interfaces. Melting 

lithium metal onto the oxide-based SSE surface, instead of simply pressing a lithium metal 

foil to the SSE, can achieve a matching interface. Molten lithium metal has high fluidity 

which can fill the gaps of the uneven SSE surface and enable intimate interfacial contact. 

However, garnet-type SSEs may have poor wettability to molten lithium, namely 

“lithiophobic” (Figure 2.9a left). Thus, surface coatings including Al2O3, ZnO, Ge, etc. on 

SSEs can enable good lithium wettability, namely “lithiophilic” coatings (Figure 2.9a 

right).168-170 For example, L. Hu's group169 dramatically reduced the contact angle between 

molten lithium and a garnet-type SSE and reduced the RT interfacial resistance of from 

1710 Ω/cm2 to 1 Ω/cm2 via a thin layer of Al2O3 coating on the garnet-type SSE via atomic 

layer deposition (ALD) (Figure 2.9b). The lithium symmetric cell, with an Al2O3 coated 

garnet SSE, presented excellent plating/stripping performance over 90 h with negligible 

increase of overpotential at a current density of 0.2 mA/cm2. To turn the lithiophobic 

lithium anode to a lithiophilic lithium anode, making lithium-based alloy can be another 

way. Y. Lu et al. used an Li-Al alloy as the anode material for garnet SSEs. They found 

that Al will spontaneously permeate into LLZO and construct a robust Al enriched SEI by 

the reaction between Li-Al alloy and LLZO, realizing a low SSE/anode interfacial 

impedance below 1 Ω/cm2.171 

Ti4+ in LATP or LLTO can be easily reduced by the lithium metal anode (Figure 2.2j) 

resulting in a phase change of the SSE, which decreases ionic conductivity and increases 

electronic conductivity. This kind of highly electronic conductive interphase is particularly 
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prone to exacerbate Li dendrite growth.172,173 Our group has demonstrated a thin layer of 

Al2O3 coating on the LATP surface to prevent Ti4+ reduction in LATP, significantly 

enhancing the stability of LATP towards the lithium metal anode (Figure 2.9c,d).55 

 

Figure 2.9 (a) SEM images of the garnet SSE/lithium metal interface without ALD Al2O3 

coating (left) and with ALD Al2O3 coating (right). The insets are photos of melted lithium 

metal on top of the garnet SSE surfaces. An intimate contact between lithium metal and 

SSE was achieved with ALD Al2O3 coating. (b) Comparison of the impedances of 

symmetrical lithium cells with garnet SSEs with/without ALD Al2O3 coating. The inset is 

the enlarged EIS curve of symmetrical lithium cells with garnet SSEs with ALD Al2O3 

coating where a very small impedance is presented.169 (c) Cycling performance of bare 

LATP/lithium symmetric cell at a current density of 0.01 mA/cm2. A significant increase 

of overpotential is observed. (d) Cycling performance of ALD Al2O3 coating LATP/lithium 

symmetric cell at a current density of 0.01 mA/cm2; The potential profile is quite stable 

with ALD coating.55 

2.2.2.2 Oxide-based solid-state electrolytes with cathode particles 
interface 

Oxide-based SSE/cathode interfaces are one of the most challenging problems for 

ASSLIBs. Though the melting strategy of lithium metal anode is workable for addressing 
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the SSE/lithium interface problem, it is not suitable for engineering the interface with the 

cathode because of the high melting points of SSEs and cathodes. Moreover, a cathode is 

a heterogeneous structure containing nano-size or micro-size active material particles and 

nano-size conductive carbon and/or polymer binders. The stiff and rough morphology of 

cathodes makes the mismatch problem even more prominent. Alternatively, a feasible 

method is co-sintering oxide-based SSEs and cathode materials together with a low-

melting-point SSE as a sintering additive to promote the sintering process at a relatively 

low temperature to avoid side reactions. Ohta et al. developed a solid-state LiCoO2 battery 

with LLZO as the SSE and LiBO3 as the sintering additive and lowered the co-sintering 

temperature to 700 °C. This LiCoO2 SSB delivered a discharge capacity of 85 mAh/g in a 

charge/discharge voltage window of 3.0 - 4.05 V (vs. Li/Li+).174 A similar study by C. 

Wang's group used Li2.3C0.7B0.3O3 as the sintering additive to construct an all ceramic 

ASSLIB with excellent cycling performance (Figure 2.10a,b).175 Creating porous 

structured SSEs, to enlarge the contact area between the SSE and electrode materials, is 

another strategy to realize ASSLIBs with oxide-based SSEs (Figure 2.10e-g).176 The flat 

surface of SSEs usually have point contact with electrode particles. By creating a porous 

structure, electrode particles can fill the porous and enlarge the contact area between the 

SSE and electrode, thus, reducing the interfacial resistance. The ASSLIBs with normal, flat 

LLZO SSEs, cannot deliver any capacity, while with the porous structure LLZO, ASSLIBs 

can obtain good electrochemical performance (Figure 2.10g).  
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Figure 2.10 (a) Schematic diagram shows the co-sintering process to construct an ASSLIB 

with oxide-based SSE. Left, mixture of LLZO particles, LCO particle, Li2.3C0.7B0.3O3 

sintering additive on the top of LLZO SSE pellet. Right, co-sintering this pellet at 700 °C 

to obtain an intimate SSE/cathode interface. (b) Cycling performance at RT of the ASSLIB 

obtained from (a), lithium metal was used as anode.175 (c) Schematic diagrams show the 

structure of ASSLIBs with flat SSE (left) and porous structure SSE (right). (d) Surface 

SEM image of porous structure SSE pellet. (e) Comparison of ASSLIBs’ performances 

with dense SSE and porous structure SSE.176  

Even though the SSE/cathode interfacial mismatch problem can be partially addressed by 

the co-sintering method,53, 174,177, 178 or creating porous structure SSEs, to enlarge the 

contact area between the SSE and electrode materials,176,179 the volume change of electrode 

materials during charge/discharge will still lead to loss of contact between SSEs and 

electrode materials, due to the stiff nature of SSEs.180-182 Therefore, hybrid electrolytes 

with an oxide-based SSE as the main lithium ion conductor and a liquid organic electrolyte 

or a soft SPE layer at the interface between the cathode and oxide-based SSE, can be a 

practical solution for this issue. Our group comprehensively studied the amount of liquid 

electrolyte used to address the cathode and LATP SSE interface mismatch issue (Figure 
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2.11a-c).183 The results showed that adding as little as 2 μL of liquid electrolyte at the 

LiFePO4 cathode/LATP interface can enable the battery operation at RT with a discharge 

capacity of 125 mAh/g at 1 C and 98 mAh/g at 4 C. Interestingly, excess liquid electrolyte 

showed no further contribution to the electrochemical performance enhancement. Such a 

small amount of liquid electrolyte will be completely absorbed by the electrode and will 

be free of leakage concerns.  

J. B. Goodenough et al. have studied the electrochemical properties of SPE-oxide sandwich 

hybrid electrolytes. Figure 2.11e and f propose the electric potential profiles across a 

sandwich hybrid electrolyte and a single SPE in a LiFePO4 cell. Due to redistribution of 

charge carriers in different conductors (including anode, SPE, oxide-based SSE, and 

cathode), an electric double layer was created at the interface between two conductors, 

causing an electric field (i.e. potential difference) at the interface. In a single SPE cell, a 

strong electric field, generated at the anode/SPE interface, can reduce the lowest 

unoccupied molecular orbital energy of the SPE related to the Fermi energy of lithium, and 

thus facilitates the decomposition of the SPE.184 In contrast, the overall electric field across 

the sandwich electrolyte is interrupted by the oxide-based SSE interlayer (Figure 2.11f). 

The oxide-based SSE can block the passage of the salt anions and increase the lithium ion 

transference number, tLi+. Reduced electric field at the anode/SPE interface helps to 

stabilize the SPE. The intimate contact between the lithium anode and SPE also provides 

an unformal lithium ion flux that mitigates lithium dendrite formation. As a result, all solid-

state LiFePO4 batteries with a SPE/LATP/SPE hybrid electrolyte showed significantly 

improved cycling performance compared to the single layer SPE-based LiFePO4 batteries 

(Figure 2.11g).184 



45 

 

 

Figure 2.11 Configurations showing the poor contact between oxide-based SSE and 

cathode, anode electrodes. (b) After adding small amount of liquid electrolyte, the interface 

is well wetted, realizing an unformal Li+ flux. (c) Comparison on the performance of the 

LiFePO4 LIBs with different amounts of liquid-based electrolyte in the LATP/electrode.183 

(d) The configuration of ASSLIB with a SPE-oxide sandwich hybrid electrolyte and the 

molecule structure of the SPE. Electric potential profile across (e) a SPE-oxide sandwich 

electrolyte and (f) a single SPE; (g) Comparison of the performances of the ASSLIBs with 

single layer SPE and SPE-oxide sandwich electrolyte at 0.2 C, 0.5 C and 0.6 C.184  

2.2.3 Conclusion and perspectives  

SSEs are essential elements to the development of ASSLIBs, serving as both separators 

and ionic conductors. SPEs, oxide-based SSEs, and sulfide-based SSEs and halide-based 

SSEs are typical categories of common SSEs for ASSLIBs, inheriting different pros and 

cons. SPEs usually have good flexibility and softness that enable low interfacial resistance 

towards electrodes, but the low ionic conductivity at RT, lithium dendrite formation and 

relatively narrow electrochemical stability window, limit their practical applications. 

Oxide-based and sulfide-based SSEs exhibit relatively high ionic conductivities at RT 

compared to SPEs, but the rigid and brittle properties cause difficulties in maintaining 

sufficient contact with electrodes. Halide-based SSEs have good compatibility with high 
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voltage cathodes, but their stability with anodes is very poor. Hybrid electrolyte rational 

combinations of liquid electrolyte, SPE, and inorganic SSEs is a promising SSE to 

maximize the advantages and compensate the disadvantages of each constituent.  

Interfacial problems between SSEs and electrodes are the key issues for ASSLIBs. 

Mismatch, incompatibility, SCL, and lithium dendrite formation are common interfacial 

problems. Lithium dendrite formation in SPEs can be addressed by enhancing the 

mechanical strength of the SPE, by adjusting the salt contents in the SPEs and by interface 

engineering of the SPE/Li interface. To stabilize the SPE/cathode interface in high voltage 

ASSLIBs, coating with inert materials and using double layer SPEs are the two effective 

strategies. Mismatch between SSE and electrode materials is the main challenge for oxide-

based SSEs due to their rigid properties. Hence, using a molten lithium to solidify on the 

surface of oxide-based SSEs is a good approach since molten lithium has great capacity to 

flow and fill the uneven surface of rigid oxide-based SSEs. However, the surface of SSE 

may be lithiophobic. Therefore, surface coating and making Li-metal alloy anode to adjust 

the lithiophobic properties to lithiophilic are necessary for intimate contact between the 

lithium anode and oxide-based SSE. However, the molten strategy is not capable for 

addressing the oxide-based SSE and cathode interface. Thus, applying a low melting point 

of SSE for co-sintering the cathode materials together with oxide-based SSEs to realize the 

intimate contact is one of the approaches. Another way is to take advantage of liquid 

electrolytes or SPEs which have good contact ability with solid materials to bind the 

cathode and oxide-based SSE together to achieve a good oxide-based SSE/cathode 

interface. However, this method must apply liquid electrolytes, which are flammable, or 

SPEs, which will increase the weight of the SSE and create additional interface resistance.  

Although significant progress has been achieved in ASSLIBs, there are still challenges to 

be overcome for the development of practical ASSLIBs. Deeper understandings of 

different SSEs in terms of ionic conduction mechanisms, the origin of chemical and 

electrochemical instabilities, and possible interface modifications need to be obtained in 

the future. For practical ASSLIBs to be applied in EVs, the energy density and working 

temperature are the major concerns. Potential research efforts and solutions are proposed 

as follows: 
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i) Understanding the lithium ion transport mechanisms in SSEs is important for the 

development of advanced SSEs. Advanced characterization techniques, such as NMR, 

STXM (synchrotron scanning transmission X-ray microscopy)185 and neutron 

diffraction186, are powerful tools for lithium ion transport mechanism studies. In 

particular, in-situ analyses on lithium ion transport across SSE and electrode interfaces 

are vital for understanding the electrochemical reaction and performance limitation; 

more studies are expected to be done in this field. 

ii) In order to achieve high energy density for practical ASSLIBs, it is necessary to 

minimize the weight percentage of SSEs and maximize the active materials content. 

Theoretical calculations pointed out that the thickness of SPEs should be below 90 μm 

to achieve a comparable energy density to liquid-based lithium batteries .187 For oxide-

based SSEs such as LLZO, due to its higher mass density, they need to be 4 times 

thinner for a comparable energy density.188 Therefore, more research efforts should 

focus on advanced fabrication techniques, such as sputtering ,189 tape casting190 and 3D 

printing191,192, to prepare thin SSEs. Meanwhile, high active materials loading for high 

energy density could lead to poor electronic and ionic conduction problems, which are 

more serious in ASSLBs. Novel electrode designs with high electronic and ionic 

conductivity are crucial for practical ASSLIBs. 

iii) In order to boost the energy density of ASSLIBs for EV applications, implementation 

of high voltage and high capacity cathodes are necessary. However, most of the SSEs, 

such as PEO-based SPEs and sulfide-based SSEs, are not stable at high voltage (e.g. > 

4.0 V). There is an urgent need for developing high voltage stable SSEs for high energy 

density ASSLIBs. Composite electrolytes with an enhanced electrochemical stability 

window compared to bare SPEs can be superior SSE candidates for high energy density 

ASSLIBs. Halide-based SSEs have high electrochemical oxidation windows would be 

another choice. On the other hand, engineering the SSE/active materials interface with 

an artificial SEI can enhance the interfacial stability, which have been extensively 

studied in SPE and sulfide-based ASSLIBs.28-30.74,193 However, the performance is still 

far away from practical applications. More investigations on interfacial engineering 

using advanced coating techniques are desired for further enhancing the performance 
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of ASSLIBs. Atomic layer deposition (ALD) and molecule layer deposition (MLD), 

the powerful techniques for fabricating conformal coatings with controlled thickness, 

are perfect tools.194,195 Another ultimate approach for high voltage ASSLIBs is the 

pursuit of high voltage stable SSEs. PEO-based SPEs and sulfide-based SSEs are 

reported to have low electrochemical oxidation windows, while halide-based SSEs, 

especially fluoride-based SSEs, possess a high electrochemical oxidation voltage. 

Implementing halide-based SSEs or searching for other high voltage stable SSEs are 

an important direction for practical and high energy density ASSLIBs. 

iv) Implementing sulfur cathodes is another approach for obtaining high energy density 

ASSLBs, based on the high theoretical specific capacity of 1672 mAh/g for sulfur. 

However, there are still many challenges that need to be overcome, including the 

incompatibility between sulfur cathodes and SSEs, polysulfide shuttling effects, the 

volumetric expansion, and the poor ionic/electronic conductivities of sulfur and 

discharge products. Mechanism studies and the innovative sulfur cathode designs are 

urgent for developing high performance ASSLSBs. 

v) The mechanical properties of the SSEs have great influence on the SSBs’ performance. 

To achieve a practical SSB, a SSE with suitable mechanical properties to accommodate 

the volumetric expansion of active materials and maintain intimate SSE/active 

materials contact is critical. Up to date, tremendous research work was dedicated to 

understanding the basic mechanical properties of available SSEs. In the future, 

inspiring studies on controlling the mechanical properties of the SSEs or developing 

new SSEs with suitable mechanical properties should receive more attention. Hybrid 

electrolytes with polymer-inorganic composite is a favorable strategy to tune the 

mechanical properties of SSEs. Hybrid electrolytes shall play an important role in 

practical SSBs 

vi) The working temperature range of SSEs is important for ASSLIBs. Although the 

thermal properties of SSEs are much better than conventional liquid electrolytes, most 

SSEs have not yet achieved practical performance for ASSLIBs at low temperature. 

The development of SSEs with a high ionic conductivity and a low activation energy, 
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as well as designs of novel electrode structures for good electronic/ionic conductivities 

are highlighted directions. 

vii) The SSE/active materials interface is the most important topic in ASSLIBs. The 

understanding of the interfacial ion transport would be helpful for developing high-

performance ASSLIBs. Advanced characterization techniques such as NMR, 

synchrotron radiation-based X-ray techniques (XAS, STXM, X-ray computed 

tomography), HR-TEM, Rutherford backscattering spectroscopy, etc., are very 

powerful tools for studying the interfacial engineering mechanism and interfacial ions 

transport. Especially, in-situ study at the interface shall give fundamental 

understandings and guidance for interfacial engineering designs.196-199 
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Chapter 3  

3 Experimental methods and characterization techniques 

In this chapter, the experimental details in the preparations of SPEs, oxide-based SSEs, 

and electrodes will be illustrated. The characterization techniques that have been used 

during the mechanism studies will also be introduced. 

3.1 Experimental methods 

3.1.1 Preparation of PEO-based polymer electrolytes 

Polyethylene oxide (PEO, MW 600000) and LiClO4 (purity, 99.9%) were carefully dried 

before using. 0.093 g of LiClO4 was first dissolved in acetonitrile (AN) and stirred over 5 

h in a Teflon container (Figure 3.1a). Then 0.6 g of PEO was added to the solution and 

stirred overnight. The resulting homogeneous mixture, containing PEO-LiClO4, was 

coated onto a Teflon evaporating dish (Figure 3.1b) and dried at 60 °C for 24 h in vacuum 

to obtain the PEO-based SPE membrane. The thickness of the SPE is 70 ± 10 μm. 

PEO-based SPE with garnet SSE particle fillers were prepared by the same method. 0.24g 

of LLZO was added into 50 mL of AN and mixed by ultrasonication for 5 h. Then, 1.2 g 

of PEO and 0.19 g of LiClO4 were added into the mixture and stirred overnight at room 

temperature. This homogeneous mixture was cast onto a Teflon substrate and dried at room 

temperature overnight, to slowly evaporate the AN, followed by vacuum drying at 60 °C 

for 2 days. The obtained PEO-LiClO4-LLZO SPE membrane was immediately transferred 

to an Ar-filled glovebox and rested over 3 days. 
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Figure 3.1 (a) Teflon container on the substrate of the stirrer. (b) Teflon evaporating dish 

3.1.2 Preparations of LiCoO2, Nickel-rich NMC811 cathode 
electrodes 

LiCoO2 electrodes were prepared by mixing 80 wt. % LiCoO2 particles, 10 wt. % carbon-

black (Acetylene Black), 10 wt.% binder (PEO, PVDF, Na-alginate, CMC,) and a certain 

amount solvent to form slurry. The solvent for PEO binder is acetonitrile (AN), for PVDF 

is N-methylpyrrolidinone (NMP), and for Na-alginate and carboxymethyl cellulose (CMC) 

is water. Doctor blade casting method was used to coat the slurry on the carbon coated Al 

foil. The PEO-LCO, Na-alginate-LCO, and CMO-LCO electrodes were dried at 60 oC in a 

vacuum oven for 12 h and the PVDF-LCO electrode was dried at 100 oC in a vacuum oven 

for 12 h, to obtain the LCO electrode with different binders. Another LiCoO2 electrode 

were prepared by mixing 90 wt. % of LiCoO2 particles, 6 wt. % carbon-black (Acetylene 

Black), 4 wt.% PVDF with NMP, following by doctor blade casting the slurry on the Al 

foil. Then the electrode was dried at 100 oC in a vacuum oven, for 12 h, to obtain the 90 % 

LCO electrode. A similar process was used to prepare the NMC811 cathode electrode by 

just replacing the LCO powders with NMC powders. 
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3.1.3 Preparation of LATP and LLZO solid-state electrolyte 

NASICON-type SSE Li1.4Al0.4Ti1.6(PO4)3 (LATP) was synthesized by a solid-state reaction 

method. Stoichiometric amounts of Li2CO3, Al2O3, TiO2, and NH4H2PO4 were first mixed 

using a ball milling method, at 300 rpm for 5 h in a zirconia vessel (Figure 3.2a) with 

zirconia balls. Then the mixed powders were calcined at 700 °C for 2 h in a Muffle furnace 

(Figure 3.2c). The obtained powders were ground with polyvinyl alcohol (PVA) as the 

binder before being pressed into 1.2 cm diameter pellets at 300 MPa. The as-pressed pellets 

were calcined at 900 °C for 6 h in a Muffle furnace to get LATP SSE pellets.  

LLZO powders with the molecular formula of Li6.4La3Zr1.4Ta0.6O12, was purchased from 

Shanghai, China. LLZO powders were ground with polyvinyl alcohol (PVA) as the binder 

before being pressed into 1.2 cm diameter pellets at 250 MPa. The as-pressed LLZO pellets 

were calcined at 1200 °C for 6 h to get LLZO SSE pellets. 

 

Figure 3.2 (a) A pair of zirconia vessels (out-shell with stainless steel), (b) Ball mill 

machine for rotating the zirconia vessels. (c) High temperature Muffle furnace for SSE 

sintering. 

3.1.4 Preparation of Li3InCl6-LiCoO2 composite cathode 

The Li3InCl6-LiCoO2 (LIC-LCO) composite cathode was prepared by dissolving 12.72 mg 

LiCl and 29.38 mg InCl3*4H2O in a certain volume of water-ethanol (1:1) solution, which 

resulted in 34.83 mg of LIC. Then LCO powders and Acetylene black (AB) powders were 

added into the solution. The weight ratio of LIC-LCO-CB was set at 30:60:10, 40:50:10, 

50:40:10 for different composite electrodes. Then, the mixture was dropped on the surface 
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of the LLZO SSE. The loading of LCO was controlled by controlling the volume of mixture 

using a Pipette. After evaporating the solvent at RT, the samples were transferred to a high 

vacuum oven at 80 oC for 12 h. Then, the temperature was shifted to 200 oC for 5 h and 

cooled down spontaneously to RT. After the temperature cooled down to RT, the samples 

were taken out and transferred into a glovebox for battery assembling.  

3.1.5 Atomic layer deposition for interface engineering 

Atomic layer deposition (ALD) is a chemical reaction deposition process. Compared to 

traditional vapor phase methods, such as chemical vapor depositions (CVD) and physical 

vapor depositions (PVD), ALD is a surface-controlled process where the growth of the film 

is dictated by two self-limited gas-solid surface reactions. ALD techniques depend 

primarily on binary reaction sequences, in which two reactions occur on the surface. And 

it can deposit a wide range of binary inorganic compounds, including metal oxide, metal 

nitrides, metal sulfides and mixed metal oxide. Due to its versatile properties, ALD has 

been one of the most rapidly developing thin film deposition techniques in the past decade, 

attracting increasing attention in different applications, ranging from electronic devices to 

energy storage systems. The ALD technique shows unique properties, including excellent 

uniformity and conformity, atomic scale and stoichiometric deposition, and low growth 

temperatures, which makes it a promising and powerful technique for interfacial 

engineering in ASSLIBs. 

3.2 Characterization techniques 

3.2.1 Physical characterization methods 

i) FE-SEM and EDX 

The morphologies of the samples were observed using field emission scanning electron 

microscopes (FE-SEM) (Hitachi S-4800 as shown in Figure 3.3). The FE-SEM was 

operated at 5 kV to observe morphologies of samples. The FE-SEM was coupled with an 

EDX which can disclose important information of elemental distribution. FE-SEM is a 

microscope technique that uses electrons as a medium rather than light(photon). These 

electrons are emitted by a field emission source and then they are accelerated by a high 
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electrical field. These electrons are called primary electrons, which are focused and 

deflected by the lenses to obtain a narrow scan beam. This narrow scan beam bombards 

the sample, resulting in the secondary electrons from each spot of the sample. According 

to the angle and velocity of these secondary electrons, the surface structure of the sample 

is determined. The electron detector can catch the secondary electrons to produce a signal, 

which is amplified and transformed to a video scan image or a digital image. When the 

sample is bombarded by the electron beam, electrons are ejected from the atoms of the 

sample's surface, which results in electron vacancies. The electron vacancies are then filled 

by the electron from a higher state, and then an X-ray is emitted to balance the energy 

difference between these two electrons' states. The X-ray energy is characteristic of the 

element from which it was emitted. By applying a detector to measure the relative 

abundance of emitted X-rays versus their energy, the elements’ distribution of the sample 

can be identified; this is how EDX works.  

 

Figure 3.3 (a) Photo image of FE-SEM Hitachi S-4800, (b) Schematic diagram shows the 

working principle of FE-SEM.1 

ii) Raman spectroscopy 

The working principle of Raman spectroscopy is based on the interaction between photons 

and matter (molecules). When the photons (light) shoot on molecules, the light is scattered. 

However, it is not that every scattered photon can maintain the same frequency with the 

incident photons, there are some scattered photons that have different frequency, which is 
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the result of the interaction between the oscillation of light and molecular vibration, this is 

called Raman scattering phenomenon, named because of its discoverer, Sir C.V. Raman. 

A Raman spectroscopy system usually includes four major components: (1) laser system, 

(2) light collection optics, (3) filter or spectrophotometer, (4) detector (Figure 3.4b). A 

lens is used for collecting the reflecting light, followed by a filter separating the Raman 

scatterings from the incident light. The Raman scattering light then go through the 

monochromator and detector, which can identify their frequency. A certain type of 

molecular structure or chemical bonds have a certain frequency resulting from the 

interaction with light, which then can reveal chemical information from the sample. 

 

Figure 3.4 (a) Photo image of a Raman spectroscopy machine, (b) Schematic diagram 

shows the working principle of Raman spectroscopy.2 

iii) XRD 

Crystalline materials have atoms that are arranged to repeat periodically. When the X-ray 

is directed at a crystalline material, it might be diffracted. If the wavelength of the incident 

X-ray satisfies Bragg’s Law,3 nλ = 2d sinθ, the diffracted X-ray will resonate and form 

constructive interference. Due to the random orientated crystalline material powders, it is 

necessary to scan the powders through a range of 2θ angles, to obtain all possible 

diffraction directions of the lattice. Each crystalline material has its unique d-spacing, 

which result in unique X-ray diffraction (XRD) spectrum. Therefore, XRD can identify the 

crystalline material by comparing the sample’s spectrum to the standard spectrum from the 

database. 
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An X-ray diffraction machine typically consists of three basic elements, (i) X-ray tube, (ii) 

sample holder and (iii) X-ray detector. The X-ray is generated by the X-ray tube, by heating 

a filament to generate electrons which are then accelerated by a voltage. The accelerated 

electrons bombard a target material (usually Cu) to produce characteristic X-rays. Then the 

X-rays are collimated and directed onto the sample, the detector records the diffracted X-

rays. The sample or the detector will be rotated from 0 degrees to 90 degrees, to monitor 

the change of the diffraction pattern. Once the angle satisfies the Bragg Equation, 

constructive interference occurs and a peak in intensity occurs. A detector records and 

processes this X-ray signal and converts the signal to a count rate, which is then output to 

a device, such as a printer or computer monitor. 

 

Figure 3.5 (a) Photo image of Bruker D8 Advance Diffractometer XRD system; (b) 

Schematic illustration of Bragg’s Law. 

iv) Synchrotron radiation 

Synchrotron radiation is generated when the electrons or the charged particles that have a 

velocity close to the speed of light, are forced to change the direction of their motion or 

magnitude of speed under the magnetic fields. The generation of synchrotron radiation has 

two conditions, the closed speed of light of the charged particles and changing the velocity 

of the charged particles. Based on these principles, human beings can produce synchrotron 

radiation using a machine, which is called a storage ring (Figure 3.6a). In the storage ring, 
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the electrons are generated and firstly accelerated by a linear accelerator (called ‘Linac’) 

to a high speed. Then they are further accelerated in the booster ring to higher the speed 

(close to the speed of light) before they are injected in the storage ring. The whole system 

is highly evacuated to ensure none of the energy of the electrons is lost due to collision 

with other particles. There are radio frequency (RF) cavities in the storage ring, which can 

compensate the energy loss of electrons due to the emitting of synchrotron radiation and 

they can accelerate the velocity of electrons if it is needed. Storage rings consist of an array 

of bending magnets (BM) for focusing and bending the electron beam, usually connected 

by straight linear sections for experimental purpose.  

When the electrons have a low speed (v<<c, c is the speed of light), its emitted pattern is 

similar to that of an oscillating dipole, with its maximum of intensity in the direction 

perpendicular to the acceleration direction and it does not depend on the speed (Figure 

3.6b). But when the velocity of electrons is close to the speed of light, due to the relativistic 

effect, the emitted pattern is thus compressed into a narrow cone in the direction of motion, 

which results in an emission tangential to the particle orbit (Figure 3.6c). As such, the 

radiation (X-ray) can be collected for experimental purposes through a horizontal slit (S) 

of width, w, at a distance, D from the electron orbit. By applying the collected tunable 

energy of X-rays, a variety of experiments can be conducted based on the theories of the 

interaction between X-rays and matter, such as photoelectric effect, Auger electron, 

Compton scattering, Rayleigh scattering, and X-ray fluorescence, X-ray diffraction, etc. 

(Figure 3.6e). Different effects can disclose different information of the atoms. Therefore, 

synchrotron radiation is a very powerful technique for materials characterizations. 
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Figure 3.6 (a) Schematic diagram of a synchrotron radiation facility; (b) The dipole 

radiation pattern of an electron moving in a circular orbit at a low speed (β = v/c <<1); (c) 

The narrow cone radiation pattern of an electron moving in a circular orbit at high speed 

(β = v/c≈1); (d)Schematic illustration of the collection of synchrotron radiation through a 

horizontal slit;4 (e) The summaries of the interaction mechanisms between X-rays and an 

atom.5 

3.2.2 Electrochemical measurements 

i) Land 2001A Battery Test System 

The electrochemical performances of the batteries were evaluated by the Land 2001A 

Battery Test System. The Land 2001A Battery Test System is designed for energy storage 

materials research and various battery tests. They can be programmed to run automatic, 

constant current charge and discharge tests, as well as cycle life tests. With current/voltage 

custom-built (current ranges from 1 mA to 5 A, voltage ranges from 5 V to 15 V), the 

battery test systems can run precise battery charge/discharge tests in most cases of coin cell 

tests/half-cell tests, pouch cell tests, and cylindrical cell tests. The control software has a 

friendly interface, which means new users can operate it with minimal training. 
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Figure 3.7 Photo image of a group of Land 2001A Battery Test Systems. Each unit has 8 

independent channels for battery testing.  

ii) CV and EIS measurement 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) experiments 

are conducted in a multichannel potentiostat 3/Z (VMP3) device. CV is an electrochemical 

tool that can measure the current change in a battery/cell with the change of voltage. It is 

conducted by scanning the potential of a working electrode and measuring the resulting 

current. It can reflect the potentials of the redox reaction taking place in the system.  

EIS is an electrochemical technique that applies a small amplitude, alternating current 

signal, to probe the impedance properties of an electrochemical cell. By scanning over a 

wide range of frequencies (typically from MHz to mHz) of the alternating current signal, 

the impedances at different frequencies are recorded, thus, an EIS spectrum is obtained.  
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Figure 3.8 Photo image of A multichannel potentiostat 3/Z (VMP3) coupling with an oven 

for temperature variation testing.  
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Chapter 4  

4 Engineering the conductive carbon/PEO interface to 
stabilize solid polymer electrolytes for all-solid-state 
high voltage LiCoO2 batteries  

ASSLIBs are promising energy storage devices for application in electric transportation 

and large-scale energy storage systems. Polyethylene oxide (PEO)-based solid polymer 

electrolytes (SPEs) are attractive SSEs for ASSLIBs due to their high ionic conductivity, 

light weight, and low cost. However, the low electrochemical oxidation potential window 

of PEO seriously restricts its implementation with high voltage cathodes for high energy 

density ASSLIBs. Effective interfacial engineering between high voltage cathodes and 

SPEs can be a solution. Most of the reported conventional cathode protection approaches 

have been focused only on building coating layers on active material particles, which, 

however, can be insufficient because the conductive carbon is able to accelerate the 

decomposition of SPEs. In this work, atomic layer deposition (ALD) coating on the 

electrode, instead of active material particles, realizes a unique method to protect the 

cathode/SPE interface. As a successful example, a thin ALD-derived lithium tantalate 

coating on the high voltage LiCoO2 electrode demonstrated good compatibility with PEO-

based SPEs, significantly enhancing the cycling performance of the ASSLIBs. The inner 

mechanism is attributed to the fact that the protection of the conductive carbon/SPE 

interface helps reduce the electrochemical oxidation of PEO-based SPEs. This work shall 

give new insights for the interfacial engineering of high voltage cathodes and SPEs. 
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4.1 Introduction 

All solid-state lithium ion batteries (ASSLIBs) are promising candidates for application in 

electric vehicles (EVs) and other large-scale energy storage systems due to their high 

energy density and enhanced safety. Feasible solid-state electrolytes (SSEs) are a key 

component to realize ASSLIBs. Among all the solid-state lithium ion conductors, SSE 

systems including solid polymer electrolytes (SPEs), oxide-based SSEs, sulfide-based 

SSEs, and hybrid electrolytes received the most research interest.1-4 To realize the practical 

applications of ASSLIBs, the following challenges of SSEs must be addressed: (i) high 

interfacial resistance, (ii) low ionic conductivity, (iii) narrow electrochemical window, and 

(iv) instability with electrodes.2,5,6 

SPEs based on polyethylene oxide (PEO) and lithium salt complexes are promising 

candidates for ASSLIBs, owing to their high ionic conductivity at elevated temperature 

and low interfacial resistance toward electrodes. More importantly, PEO is commercially 

available, low cost, light weight, and environmentally friendly.6 However, (1) the low ionic 

conductivity at room temperature,6-8 (2) the susceptibility to lithium dendrites,9 and (3) the 

instability at high voltage10 of PEO-based SPEs are the main issues that hinder their wide 

applications in ASSLIBs.  

Tremendous research efforts have been dedicated to address challenges (1) and (2) in recent 

years. For example, Cui's group enhanced the RT ionic conductivity of PEO-based SPEs 

from 10-7 S/cm to 4.4×10-5 S/cm by in situ formation of nanosized SiO2 particle fillers in 

the PEO matrix.8 Hu's group created a 3D garnet-type SSE nanofiber network for PEO to 

form a hybrid electrolyte that has an ionic conductivity of 2.5×10-4 S/cm at RT.11 Plenty of 

studies applying inorganic SSE fillers in the PEO matrix to enhance the RT ionic 

conductivity of PEO-based SPEs have also been reported.12,13 On the other hand, many 

studies were reported to address the lithium dendrite formation problem in all-solid-state 

lithium batteries (ASSLBs) with PEO-based SPEs.11-14 For example, Zhao et al. prepared 

a LLZO-PEO hybrid electrolyte for ASSLBs and they proposed that anions were tethered 

in the hybrid electrolyte by the polymer matrix and ceramic fillers, which results in a 

uniform distribution of space charges and lithium ions, thus, resulting in dendrite-free 

lithium deposition.14 
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However, the issue of the instability of PEO-based SPEs at high voltage (challenge (3)) 

received little research attention. The instability of PEO at high voltage makes it 

challenging to couple with high voltage cathodes such as LiCoO2. Even though PEO-based 

SPEs show excellent stability with LiFePO4 cathode with charge voltage below 4 V (vs. 

Li/Li+),15 the limited theoretical energy density of LiFePO4 restrains its further application 

in future electric transportation. Alternatively, layer structured oxide cathodes such as 

LiCoO2 have a high specific capacity and high charge/discharge voltage, which makes 

them promising candidates for high energy density ASSLIBs. Since the practical capacity 

of LiCoO2 is positively related to the charge cut-off voltage, a high charge cut-off voltage 

is required for high-energy-density applications.16 However, charge cut-off voltage over 

4.5 V remains a challenge for PEO-based SPEs due to the decomposition of PEO-based 

SPEs at high voltage.17-19 

One solution to enable PEO-based SPE coupling with high voltage LiCoO2 is interfacial 

engineering of SPEs and the LiCoO2 active material interface with coating layers. Coatings 

on LiCoO2 particles with Al2O3,
19 Li3PO4,

18 poly(ethylcyanoacrylate) (PECA),20 and 

Li1.4Al0.4Ti1.6(PO4)3 (LATP)21 have been reported to improve solid-state batteries 

performances. However, most of these previous studies only studied the coating effect on 

the active material/SPE interface while the conductive carbon/SPE interface is ignored. 

Unfortunately, conductive carbon has been proved to be able to accelerate the 

decomposition of SSEs including PEO-based SPEs, oxide-based SSEs and sulfide-based 

SSEs.10,22,23 Thus, the detrimental effect of conductive carbon on the PEO-based SPE 

cannot be neglected in high voltage ASSLIBs. Therefore, systematic studies on the effects 

of coatings on active material particles versus on the whole electrodes (i.e. covering both 

active material and conductive carbon) are important to disclose the interfacial engineering 

mechanism and can provide us with helpful insights for future high energy density 

ASSLIBs designs. 

Herein, atomic layer deposition (ALD), as an emerging technique, which is capable of 

depositing uniform and conformal thin films with precise thickness control by self-limited 

chemical reactions, is chosen for realizing active material particle coating and whole 

electrode coating because the ALD process can be carried out at a low temperature 
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compared to other chemical/physical deposition techniques such as chemical vapor 

deposition (CVD), physical vapor deposition (PVD), sol-gel methods, etc. Thus, ALD can 

be non-destructive to electrode components (cathode particles and conductive carbon). In 

this study, ALD derived lithium tantalate protective coatings are demonstrated to stabilize 

the interface between PEO-based SPEs and LiCoO2 electrodes at high voltage (4.5 V vs. 

Li/Li+). Effects of coatings on the LiCoO2 particles, the whole electrode, and conductive 

carbon particles are compared. The results show that the coating on LiCoO2 particles 

cannot improve the performance of ASSLIBs, while the coating on electrode sheets 

(coating on both LiCoO2 particles and carbon particles) shows significant enhancement in 

cycling performance, the same as the coating on conductive carbon particles. The working 

mechanism of the ALD coating is illustrated in Figure 4.1. These results highlight that a 

suitable coating approach is critical in preventing the electrochemical oxidation of PEO-

based SPEs at high voltage for the stabilization of the high voltage performance of 

ASSLIBs. 

 

Figure 4.1 Schematic diagram showing the working mechanism of ALD coating for 

enabling stable, high voltage solid polymer electrolyte-based lithium ion batteries. The 

decomposition of SPEs on (a) unprotected LiCoO2 electrode and (b) electrode with 

protected LiCoO2 particles (LCO-coating), and the working mechanism of (c) protected 

electrode (LCO+CB-coating) in ASSLIBs after extensive charge/discharge cycles. 

Conductive carbon can accelerate the decomposition of SPEs at high voltage, and thus, the 

protection of the carbon/SPE interface is very important for stabilizing high voltage solid-

state lithium ion batteries. 
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4.2 Experimental 

4.2.1 Preparation of LiCoO2 electrode with/without ALD coating 

Bare LiCoO2 electrodes were prepared by mixing 90 wt% of LiCoO2 particles, 6 wt% 

carbon-black (acetylene black) and 4 wt% poly(vinylidene) fluoride binder in the N-

methylpyrrolidinone (NMP) solvent. The slurry was coated on Al foil by a doctor blade 

method. The electrode was obtained after drying in a vacuum oven at 120 °C overnight. 

The loading of LiCoO2 was around 1.5-2 mg/cm2. The obtained bare LiCoO2 electrode was 

used directly for electrode coating. ALD LTO coatings on LiCoO2 particles or electrodes 

followed a previously reported ALD procedure from our group.24 Briefly, the LTO coatings 

were deposited using an ALD reactor (Savannah 100, Cambridge Nanotechnology Inc., 

USA) by alternatively pulsing lithium tert-butoxide, tantalum(V) ethoxide and H2O at 235 

°C. 

4.2.2 Electrochemical performance testing 

All solid-state LiCoO2 batteries were assembled in 2032 type coin cells in an argon-filled 

glove box (Vacuum Atmosphere Company, moisture and oxygen level less than 1 ppm). 

The LiCoO2 electrodes and lithium foil were used as the working electrode and the counter 

electrode, respectively. The PEO-LiClO4-LLZTO SPE was used as both the separator and 

lithium ion conductor. No additional solvent or liquid electrolyte was applied into the 

LiCoO2 ASSLBs. Galvanostatic charge/discharge was performed between 2.7 and 4.5 V 

in a 60 °C oven using a LAND battery tester. The ASSLBs were rested at 60 °C oven 30 h 

before testing. For LiCoO2 batteries with liquid electrolyte, 2032 type coin cells were 

assembled with a liquid electrolyte containing 1 M LiPF6 in ethylene carbonate 

(EC):ethylmethyl carbonate (EMC):diethyl carbonate (DEC) solvents with a volume ratio 

of 1:1:1, using a Celgard separator. Cyclic voltammetry of the LiCoO2 batteries was 

performed between 2.7 and 4.5 V (vs. Li/Li+) at 60 °C. Linear sweep voltammetry of 

Li/SPE/PEO-carbon cells was conducted at an open-circuit voltage of 4.5 V on a versatile 

multichannel potentiostat 3/Z (VMP3). PEO-carbon composite electrodes consisted of 70 

wt.% PEO and 26 wt.% carbon-black (with/without LTO coating) and 4 wt.% LiClO4 was 

used as the working electrode. Electrochemical impedance spectroscopy (EIS) was 
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performed on a versatile multichannel potentiostat 3/Z (VMP3) by applying an AC voltage 

with 10 mV amplitude in the frequency range from 500 kHz to 0.01 Hz. 

4.2.3 Materials characterization 

The morphology of the samples was characterized using a Hitachi S-4800 field emission 

scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray 

spectrometer (EDX). FIB was conducted in a LEO (Zeiss) 1540XB FIB/SEM machine. 

Mass spectrometry was conducted on a Shimadzu GCMS-QP2010 gas 

chromatograph/mass spectrometer. X-ray absorption spectroscopy (XAS) measurements 

using total electron yield (TEY) and fluorescence yield (FLY) modes at the Co K-edge 

were performed at the Canadian light source (CLS) at the Soft X-ray Micro-

characterization Beamline (SXRMB) with a photon energy range of 1.7-10 keV utilizing a 

Si (111) crystal monochromator. 

4.3 Results and discussion 

Cathodes were prepared with LiCoO2 particles, carbon black (acetylene black), and a 

poly(vinylidene) fluoride binder at a weight ratio of 90:6:4. Using the advanced ALD 

technique, the lithium tantalate (LTO) coating was deposited on either the LiCoO2 particles 

before electrode preparation (coating on LiCoO2 active materials, referred to as LCO-

coating) or on the electrode surface after casting and drying (coating on the electrode, 

referred to as LCO+CB-coating) or on the carbon black particles before electrode 

preparation (coating on CB particles, referred to as CB-coating). Figure S4.1a-c show the 

scanning electron microscopy (SEM) images of a pristine LiCoO2 electrode, an electrode 

with ALD LTO coated LiCoO2 particles (LCO-coating), and an ALD LTO coated electrode 

(LCO+CB-coating). The three electrodes with or without these two types of coatings show 

a very similar morphology, indicating that the ALD LTO coatings were conformal and 

non-destructive. The LCO-coating did not alter the distribution of the conductive carbon 

on the electrode surface, nor did LCO+CB-coating. In addition, from the SEM images, one 

can easily find that the electrode/SPE interface actually has a large proportion of the 

conductive carbon/SPE interface since carbon black is uniformly distributed/covered on 

the LiCoO2 particle surface. 
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Transmission electron microscopy (TEM), SEM and energy-dispersive X-ray spectroscopy 

(EDX) analyses were used to confirm the deposition of the ALD coatings on active 

materials and the electrode (Figure 4.2 and S4.2-S4.5). Figure 4.2a shows the TEM image 

of the ALD coating on LiCoO2 particle and the schematic illustration of the LCO-coating 

electrode is presented in Figure 4.2b. Differently, the ALD LTO coated electrode 

(LCO+CB-coating) shows a coating on both carbon black and LiCoO2 particles (Figure 

4.2c). The EDX mapping results in Figure S4.3 confirm that ALD LTO is deposited on 

both the CB and LCO particle surface for the LCO+CB-coating electrode. This type of 

electrode structure is schematically illustrated in Figure 4.2d. Hereby, two types of 

protective coverages are established: (I) partial protection between the LiCoO2/SPE 

interface only and (II) full protection on the entire electrode covering both LiCoO2 and 

conductive carbon. The electrochemical performance will be compared systematically. 

 

Figure 4.2 (a) A TEM image of the 10 cycles of ALD LTO (thickness is ∼5 nm) coating 

on LiCoO2 particles and its (b) schematic diagram of the LiCoO2 electrode with the LCO-

coating where conductive carbon is not protected. (c) A SEM image in backscattered 

electron mode of the 20 cycles of ALD LTO (thickness is ∼10 nm) coating on both 

conductive carbon and LiCoO2 particles from the LCO+CB-coating sample after focused 
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ion beam (FIB) cutting, and its (d) schematic diagram showing the LiCoO2 electrode where 

both LiCoO2 and conductive carbon are protected. The binder is omitted in the schematic 

diagrams.  

Cyclic voltammetry (CV) was performed to study the electrochemical process of LiCoO2 

ASSLIBs with different coatings. For comparison, CV of a regular LiCoO2 battery with a 

commercial carbonate-based liquid electrolyte was conducted for a comprehensive 

understanding. As shown in Figure S4.6a, the anodic peaks corresponded to the Li+ 

extraction process, and the cathodic peaks were related to the Li+ insertion process. There 

are three pairs of peaks which correspond to three oxidation/reduction couples. The redox 

pair at 4.07/3.74 V is the result of the conversion between Co3+ and Co4+ for the first-order 

phase transformation between two hexagonal phases.25 The other two pairs of 

anodic/cathodic peaks are related to the order-disorder phase transformation between 

hexagonal and monoclinic phases.26-28 In contrast, in ASSLIBs, the three pairs of redox 

peaks are combined into a pair of broad peaks for all three cells with a bare LiCoO2 

electrode, electrodes with LCO-coating protection and LCO+CB-coating protection 

(Figure S4.6b-d). This is probably because of the sluggish Li+ transport in SPEs and 

electrodes that broadens the peaks related to the first-order phase transformation reaction, 

overlapping the other weak peaks. Nevertheless, the ASSLBs with different cathodes still 

exhibit obvious difference in electrochemical behaviors. For the ASSLIB with the bare 

LiCoO2 electrode, an anodic peak and a cathodic peak are observed with decreasing peak 

current intensities and increase in overpotentials over the three scans (Figure S4.6b). This 

is a typical indication of decay in electrochemical redox reversibility. The decrease in peak 

current intensities and increase in overpotentials also occur in the ASSLIB with LCO-

coating protection (Figure S4.6c). As a conclusion, LCO-coating protection is insufficient 

in preventing the reversibility decay. In great contrast, instead of a decrease in peak current 

intensities and increase in overpotentials, the slight increase in peak current intensities and 

the decrease in overpotentials indicate a more reversible electrochemical process of the 

LCO+CB-coating protected electrode (Figure S4.6d). 

The electrochemical performances of ASSLIBs with different protection coverages were 

characterized at 60 °C. First, the coating thickness is optimized. Different cycles of ALD 
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LTO were conducted on LCO-coating and LCO+CB-coating electrodes and their results 

are presented in Figure S4.7. Clearly, the ALD LTO coating thicknesses were optimized 

to 10 ALD cycles for LCO-coating protection and 20 ALD cycles for LCO+CB-coating 

protection. 

The ASSLIBs performances with optimized ALD coating thickness for bare, LCO-coating, 

and LCO+CB coating are compared in Figure 4.3. Consistent with the CV results, 

observable voltage polarization along with serious capacity fading is already observed 

during the first 20 cycles of galvanostatic testing at 0.2C for both ASSLIBs with a bare 

LiCoO2 electrode (Figure 4.3a) or LCO-coating protected electrode (Figure 4.3b). This is 

possibly due to the severe decomposition of PEO-based SPEs at high voltage that increases 

the interfacial resistance. Even though the LCO-coating protection can protect the 

LiCoO2/SPE interface, the conductive carbon was still in direct contact with the SPE. 

In contrast, much smaller polarization increase is observed for the ASSLIB with the 

LCO+CB-coating protected electrode (Figure 4.3c). The discharge capacities are also 

relatively stable compared to the other two cells without protection or only with LCO-

coating protection. Thus, the protection on the carbon/SPE interface is evidently very 

important. 

The dramatically different effects between LCO-coating and LCO+CB-coating protections 

on the electrochemical performance can be further verified by cycling performance and 

rate performance. Under the optimized conditions, ASSLBs with LCO+CB-coating 

protection demonstrate substantially enhanced performance over the ASSLBs without 

protection or with LCO-coating protection (Figure 4.3d-f). While all three ASSLBs deliver 

a similar initial discharge capacity around 170-177 mAh/g, a retaining capacity of 110.4 

mAh/g at 100th cycles for the ASSLIB with the LCO+CB-coating protected electrode is 

significantly higher than the remaining capacity of ∼71 mAh/g for the other two ASSLBs 

(Figure 4.3d). As shown in Figure 4.3e, LCO+CB-coating protection also markedly 

enhanced the rate performance at lower current densities of up to 0.6 C. However, at a 

higher current density, a higher capacity is achieved for the LCO-coating electrode. The 

reason can be possibly attributed to the higher lithium ion diffusion in the LCO-coating 
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electrode compared to that of the bare and LCO+CB coating electrodes. In the LCO-

coating electrode, LCO particles are totally coated with LTO, which is a good lithium ion 

conductor, while in the LCO+CB-coating protected electrode, only part of LCO particles 

are exposed for ALD LTO deposition. Therefore, the lithium ion diffusion of the LCO-

coating protected electrode is better than that of the LCO+CB-coating protected electrode 

(Figure S4.8) and bare electrode. At high current density, lithium ion diffusion becomes a 

determining step for the redox reaction. Thus, the electrode with higher Li+ ion diffusion 

can deliver a higher capacity. 

 

Figure 4.3 Charge/discharge profiles of ASSLIBs with (a) bare LiCoO2 electrode, (b) 

LCO-coating protected electrode, and (c) LCO+CB-coating protected electrode at 0.2C 

and 60 °C. Corresponding (d) cycling performance, (e) rate performance, and (f) long-term 

cycling performance after rate performance testing for ASSLIBs with different LiCoO2 

electrodes at 60 °C. 
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LCO+CB-coating protection also can improve the initial coulombic efficiency and 

subsequent average coulombic efficiency. The initial coulombic efficiencies for the 

ASSLBs with a bare LiCoO2 electrode, LCO-coating protection, and LCO+CB-coating 

protection electrodes are 93.8%, 93.2%, and 94.9%, respectively; the subsequent average 

coulombic efficiencies are 99.0%, 98.6%, and 99.3% in order. The LCO-coating protection 

electrode actually shows barely any improvement over the bare LiCoO2 electrode, 

indicating the protection of only LiCoO2 particles is not enough in PEO-based ASSLBs. 

The higher coulombic efficiency by LCO+CB-coating protection indicates reduced 

decomposition of the PEO-based SPE during high voltage charge/discharge cycles in 

ASSLBs. 

Electrochemical impedance spectroscopy (EIS) was conducted to study the evolution of 

interfacial resistance in the LiCoO2 ASSLBs upon cycling (Figure 4.4). The three ASSLBs 

without coating or with LCO-coating or with LCO+CB-coating present EIS spectra with a 

similar shape but different evolution trends. There are two semicircles with one at high 

frequency and one at low frequency. Figure 4.4d shows the equivalent circuit for fitting 

these EIS spectra. Re is the impedance from the SPE, Ra is the interfacial impedance 

between the lithium anode and SPE, and CPE1 is its corresponding constant phase element. 

Rc is the interfacial impedance between the cathode and SPE, and CPE2 is its 

corresponding constant phase element.18 All ASSLIBs show relatively stable anode/SPE 

interfacial resistance with similar values, while dramatic difference is present at the 

cathode/SPE interfaces. For the bare LiCoO2 ASSLIB (Figure 4.4a), a significant increase 

in the cathode/SPE interfacial resistance is observed over 30 cycles, enlarging from 1338 

Ω at the 10th cycle to 1843 Ω at the 20th cycle to 2891 Ω at the 30th cycle. Similarly, 

consistent with the electrochemical performance, a significant increase in the cathode/SPE 

interfacial resistance is also observed in the ASSLIB with LCO-coating protection (Figure 

4.4b). The increase in cathode/SPE interfacial resistance can be attributed to the 

accumulation of insulating SPE decomposition products, which can block the Li+ ion 

transportation at the interface. In contrast, the cathode/SPE interfacial impedance of the 

ASSLIB with LCO+CB-coating protection is stabilized to ∼920 Ω after 30 cycles, 

confirming the stable SPE/cathode interface enabled by the ALD LTO coating on the 
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electrode. The EIS results strongly support the superior effects of ALD LTO protection for 

high-voltage ASSLIBs. 

 

Figure 4.4 EIS spectra of ASSLIBs with (a) bare LiCoO2 electrode, (b) LCO-coating 

protected LiCoO2 electrode, and (c) LCO+CB-coating protected LiCoO2 electrode after 

10, 20, and 30 cycles of charge/discharge. The inset tables show the critical frequency 

values on top of the high frequency semi-circle (Fa) and low frequency semi-circle (Fc) at 

different cycles of charge/discharge, respectively. (d) The equivalent circuit for fitting the 

EIS spectra. 

To confirm that the conductive carbon/SPE interface is important for the ASSLIB 

performance enhancement, an ASSLIB with a CB-coated electrode (an electrode with bare 

LiCoO2 and LTO coated CB) was assembled and studied. The results are presented in 

Figure S4.10. It shows that LTO coating on carbon particles can also enhance the cycling 

performance of the ASSLIB, and its cycling performance is very similar to that of 

LCO+CB coated ASSLIBs. 

Why is the conductive carbon/SPE interface so critical? It is well known that the 

electrochemical oxidation potential of PEO-based SPEs is around 3.8 V vs. Li/Li+ 
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according to the linear sweep voltammetry method using a PEO-carbon composite 

electrode.10 Conventionally, it has been reported that electronic conductive additives 

(usually carbon black) play an important role in realizing completely utilization of 

electrode active materials for batteries, because the occurrence of electrochemical reactions 

requires both electrons and Li+ ions. However, in ASSLIBs with Li+ ion conductive SSEs, 

the presence of conductive carbons could also trigger irreversible decomposition of the 

SSEs,23 leading to low coulombic efficiency and performance decay. 

Even conductive carbon black particles occupy a low weight content in the electrodes. The 

large volume fraction of carbon black and resulted the large proportion of the carbon/SPE 

interface among the cathode/SPE interface cannot be neglected (Figure S4.1a-c). This 

could explain the similar performance of ASSLIBs with the bare LiCoO2 electrode and 

LCO-coating electrode, whereas the carbon black particles are in direct contact with the 

SPE in either case. The linear sweep voltammetry results of carbon-SPE composite 

electrodes with or without ALD LTO coating also confirmed the importance of the 

carbon/SPE interface. As shown in Figure 4.5a, the overshooting current approaching 4.5 

V is observed for the bare carbon-PEO electrode, which indicates the serious 

decomposition of PEO at 4.5 V. In contract, this overshooting current is significantly 

reduced by the ALD LTO coated conductive carbon. As supported by the mass 

spectrometry results in Figure S4.11b, the significant signals from decomposed SPE 

products are presented in the bare carbon-PEO electrode. However, with the ALD LTO 

coating on carbon, the signals from the decomposed SPE are reduced (Figure S4.11c), 

which demonstrates the excellent capability of LTO in stabilizing the carbon/SPE interface 

at high voltage. This may be the reason why the protection of the conductive carbon/SPE 

interface can achieve such a significant enhancement in electrochemical performance. 

Why does the LCO-coating electrode show almost no enhancement? It is possible that 

LiCoO2 active materials are stable and further ALD protection cannot enhance their 

stability in our study. This conclusion is supported by the X-ray absorption spectroscopy 

(XAS) of the unprotected LiCoO2 electrodes before and after cycling with the PEO-based 

SPE. The Co K-edge XAS results for LiCoO2 electrodes before and after 5 

charge/discharge cycles at the discharge state in ASSLBs showed almost no difference 
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under both total electron yield (TEY) mode (Figure 4.5b) and fluorescence yield (FLY) 

mode (Figure 4.5c). TEY mode provides surface chemical information up to several 

nanometers, and FLY mode reveals bulk chemical information. The XAS results indicated 

that the LiCoO2 active materials are relatively stable from the surface to bulk upon cycling 

in PEO-based ASSLBs. This is also supported by the stable cycling performance of the 

LiCoO2 battery with a carbonate-based liquid electrolyte (Figure S4.12). Since LiCoO2 is 

stable during change/discharge processes, it is reasonable that the ALD LTO coating on 

LiCoO2 particles (LCO-coating protection) showed little effect while the ALD LTO 

coating on the electrode (LCO+CB-coating protection) achieved significant enhancement. 

 

Figure 4.5 (a) Comparison of the linear sweep voltammogram of the Li/SPE/PEO-carbon 

composite cell and Li/SPE/PEO-LTO@carbon composite cell (scan rate = 0.3 mV/s, from 

OCV to 4.5 V vs. Li/Li+). Comparison of the XAS Co K-edge spectra of unprotected 

LiCoO2 before and after 5 cycles of charge/discharge in ASSLBs in the discharge state in 

terms of (b) TEY mode and (c) FLY mode. 

4.4 Conclusions 

The effects of ALD lithium tantalate coatings on cathode active material particles, carbon 

black particles and the electrode surface were studied systematically for enhancing the 

high-voltage performance of PEO-based ASSLIBs. Using stable LiCoO2 particles as an 

example for a high voltage cathode up to 4.5 V, we demonstrated the importance of the 

protection on the conductive carbon/SPE interface. It is found that interfacial protection 

covering the carbon/SPE interface is very important to stabilize the PEO-based SPE at high 

voltage and enhance the cycling performance of ASSLIBs. Significantly improved cycling 

performance and rate performance were demonstrated in ASSLBs with simple 20 ALD 
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cycles of lithium tantalate coating on the electrode surface. This study sheds light on the 

rational design of protective coatings for the polymer electrolyte-electrode interface to 

enhance the high voltage performance of ASSLIBs. 
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Supporting information 

 

 

Figure S4.1 SEM images of (a) bare LCO electrode, (b) electrode with ALD LTO coated 

LiCoO2 particles (LCO-coating protection) and (c) ALD LTO coated electrode (LCO+CB-

coating protection). 

 

Figure S4.2 (a) SEM image and EDX mappings of selected area for electrode with 50 

cycles ALD LTO coated LiCoO2 particles (LCO-coating protection) and its corresponding 

(b) O mapping, (c) Co mapping, (d) Ta mapping and the corresponding EDX spectrum (e). 

(f) SEM image and EDX mappings of selected area for 50 cycles ALD LTO coated 

electrode (LCO+CB-coating protection) and its corresponding (g) O mapping, (h) Co 

mapping, (i) Ta mapping and the corresponding EDX spectrum (j). 
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Figure S4.3 (a) Cross-section view of SEM image of LiCoO2 particle covered with carbon 

black particles with LTO coating. (b) The selected area for EDX mapping and its 

corresponding element distribution of (c) Co, (d) Ta, (e) C. 
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Figure S4.4 SEM image and EDX mappings of ALD LTO coated LiCoO2 electrode. (a) 

SEM image; EDX mappings of (b) C, (c) F, (d) Co, (e) O, and (f) Ta elements. (g) 

Corresponding EDX spectrum.  
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Figure S4.5 SEM image and EDX mappings of the electrode with ALD LTO coated 

LiCoO2 particles. (a) SEM image; EDX mappings of (b) C, (c) F, (d) Co, (e) O, and (f) Ta 

elements. (g) Corresponding EDX spectrum. 

 

 

Figure S4.6 CV of (a) liquid electrolyte-based LiCoO2 battery, ASSLIBs with (b) bare 

LiCoO2, (c) LiCoO2 particles coating and (d) LiCoO2 electrode coating. All batteries were 

tested at 60oC.  
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Figure S4.7 The influences of ALD coating thickness on the performances of ASSLIBs 

with (a) particles coating and (b) electrode coating. 

 

 

Figure S4.8 Comparison of ALD coating in LCO+CB-coating electrode and LCO-coating 

electrode. A better lithium ion diffusion can be achieved in LCO-coating electrode. 
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Figure S4.9 (a) SEM image of carbon black particles with ALD-LTO coating. (b) EXD 

spectrum of carbon black particles with ALD-LTO coating; (c) corresponding SEM image 

of EDX mapping area; (d) corresponding O distribution; (c) corresponding C distribution; 

(d) corresponding Ta distribution. 

 

 

 

Figure S4.10 Comparison of cycling performance of the batteries with bare LiCoO2 

electrode, LCO+CB coated electrode and CB coated LiCoO2 electrode.  
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Figure S4.11 The mass spectrometry (MS) results. (a) Pristine PEO-based SPE. (b) PEO-

carbon composite after charging to 4.5 V and holding for 20 h; the red circles point out the 
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signals related to the decomposition of PEO-based SPE. (c) PEO-ALD LTO carbon 

composite after charging to 4.5 V and holding for 20 h. Compared with the plot of pristine 

PEO-based SPE, the additional peaks marked by red circle and the increased intensities of 

light MS peaks suggested the partial depolymerization of PEO under high voltage, while 

this phenomenon is not so clear for PEO-ALD LTO carbon composite, suggesting that the 

decomposition of PEO can be restricted. 

 

 

Figure S4.12 Cycling performance of LiCoO2 battery with carbonate-based liquid 

electrolyte. The charge/discharge voltage window is from 2.7 - 4.5 V. The stable 

performance indicates the LiCoO2 particles are stable. The protection may not be so critical 

for performance enhancement. Thus, the capacity decay of the LiCoO2 ASSLIB is the 

contribution of the decomposition of SPE. 
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Figure S4.13 SEM images of LiCoO2 particles collected from ASSLBs with (a) bare 

electrode, (b) LCO-coating protection, and (c) LCO+CB-coating protection after 200 

cycles. 

 

 

Figure S4.14 Charge/discharge profiles of ASSLBs with (a) bare LiCoO2 electrode, (b) 

LCO-coating protection electrode, and (c) LCO+CB-coating protection electrode at 0.2 C 

and 60 oC with constant voltage charge step. (d) Comparison of discharge capacity of 

ASSLIBs with different electrodes. 

 

Table S4.1 Comparisons of dry polyethylene-based SPE all-solid-state LiCoO2 batteries 

performance. 

Testing 

temperature 

[oC] 

Charge voltage 

cut-off [V] 

Discharge capacity at 1st 

cycles [mAh/g] 

Discharge capacity at different 

cycles [mAh/g, cycle number] 

Average capacity 

decay per cycles 

(mAh/g) 

Refs. 

80 4.45 172.8 67, 75 1.4 20 

80 4.2 148 124, 30 0.8 29 
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60 4.4 172 101, 100 0.71 19 

60 4.4 174 134, 20 2 18 

25 4.2 146 120, 30 0.87 30 

80 4.2 120 / / 31 

60 4.5 177 110.4, 100 0.56  This 

work 

Note: The capacity decay is calculated based on the second cycle capacity. 
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Chapter 5  

5 Stabilizing and understanding the interface between 
Nickel-rich cathode and PEO-based electrolyte by 
lithium niobium oxide coating for high-performance all-
solid-state batteries 

In previous chapter, interface engineering between high voltage LiCoO2 electrode and SPE 

was studied. The ALD-derived lithium tantalate coating shows significant improvement of 

the electrochemical performance of ASSLIBs. To pursuit a higher energy density of 

ASSLIB, a higher energy density cathode, Nickel-rich lithium nickel manganese cobalt 

oxide LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode, should be used as the cathode materials in 

ASSLIBs.  

However, the low electrochemical oxidation window of PEO-based SPE and the instability 

of NMC811 at the charge/discharge process seriously restrict the battery performance. 

Herein, a high voltage stable solid-state electrolyte layer lithium niobium oxide (LNO) is 

coated on the NMC811 electrode surface by atomic layer deposition for stabilizing 

NMC811-based solid polymer batteries. Electrochemical tests show that LNO coating can 

stabilize the NMC811 active materials and mitigate the decomposition of SPE upon the 

cycling process, maintaining a discharge capacity of 175.5 mAh/g after 50 cycles. 

Mechanism studies by SEM, STEM, XAS, and XPS disclose that the uncoated NMC811 

suffers from chemomechanical degradations along with oxygen release triggering the 

decomposition of SPE, which results in an unstable cathodic electrolyte interphase. With 

LNO coating, chemomechanical degradations and oxygen release of NMC811 are 

inhibited and the decomposition of SPE is mitigated. This work renders a stable and high-

performance high energy density SSB for high voltage application, which paves the way 

toward next-generation ASSLIBs. 

 

J. Liang,# S. Hwang,# S. Li, J. Luo, Y. Sun, Y. Zhao, Q. Sun, W. Li, M. Li, M. N. Banis, 

X. Li, R. Li, L. Zhang, S. Zhao, S. Lu, H. Huang, D. Su,* and X. Sun*, Nano Energy, 

2020, 105107. 
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5.1 Introduction 

The rapid development of electric transportation and grid-scale energy storage systems 

require the batteries with high energy density and reliable safety properties.1-3 However, 

conventional lithium-ion batteries (LIBs) with liquid electrolyte cannot meet this 

requirement due to its potential safety issues such as leakage of liquid electrolyte, fire and 

even explosion if batteries are short-circuit or over-heat. Compared to conventional LIBs, 

solid-state batteries (SSBs) with solid-state electrolytes (SSEs) have received more and 

more research attentions due to their improved safety. Among the SSEs, poly(ethylene 

oxide) (PEO)-based solid polymer electrolyte (SPE) is one of the most promising candidate 

for the applications in high energy density SSBs because of its high ionic conductivity and 

low interfacial resistance toward electrodes, along with its low mass density, low cost, 

facile fabrication process, and environmental-friendly properties.4 In addition, to achieve 

high energy density SSBs, cathodes with high specific capacity or/and high discharge 

voltage are favorable. Therefore, many novel lithium transition metal oxide cathodes such 

as lithium nickel oxide, lithium manganese oxide, and lithium nickel manganese cobalt 

oxide (NMC), with higher theoretical specific capacity were developed and received plenty 

of research concerns.5-12 Among these cathode materials, Ni-rich lithium nickel manganese 

cobalt oxide, such as LiNi0.8Co0.1Mn0.1O2 (NMC811), is one of the most promising 

candidates for the near future application in electric transportation. 

However, the incorporation of PEO-based SPE and Nickel-rich NMC cathode experiences 

serious challenges. Firstly, the electrochemical oxidation voltage of PEO-based SPE is 

lower than 4 V vs.Li/Li+.13 Although PEO-based SPE can deliver a good performance in 

LiFePO4 SSB in a voltage window of 2.5 - 4.0 V,14 its performance in 4 V class cathode 

such as LiCoO2 and Nickel-rich cathode is still very poor.15,16 At high charge voltage of 

4.3 V requested by NMC811 electrode, a serious decomposition of PEO-based SPE will 

happen. The second challenge roots from the instability of Ni-rich NMC811 cathode that 

causes problems including voltage fading, transition metal dissolution, surface 

reconstruction, and chemomechanical degradations upon cycling, significantly hindering 

the wide applications of Ni-rich NMC811 cathode in SSBs.7,10,12,17-19 



101 

 

To enhance the stability of PEO-based SPE at high voltage for coupling with high voltage 

and high specific capacity cathode materials, protecting the SPE/active material interface 

with an inert coating layer is proved to be an effective strategy.15,20-22 Another approach is 

applying stable lithium salts for complexing with PEO-based polymer to stabilize the 

cathodic electrolyte interphase for enhancing the performance of high voltage solid 

polymer batteries.23,24  

As for enhancing the stability of Ni-rich NMC cathodes, surface coating7,12,25 and element 

doping26,27 are two main strategies. For example, NMC cathode with Li3PO4 surface 

coating was presented with significant improvement in the electrochemical performance 

due to the effects of Li3PO4 coating in avoiding the liquid electrolyte induced corrosion of 

the NMC particle grain boundary and maintaining the structural stability of NMC 

particles.12 Therefore, from the perspective of stabilizing SPE and stabilizing Ni-rich NMC 

cathode simultaneously, coating NMC811 electrode sheet with a Li+ ion conducting layer 

can not only maintain the stability of NMC811 cathode but also protect the SPE from the 

decomposition at high voltage. 

Herein, an atomic layer deposition (ALD) derived lithium niobium oxide (LNO) solid-state 

electrolyte thin film is applied to tailor the interface between NMC811 cathode electrode 

and PEO-based SPE. The LNO coating layer is demonstrated to not only stabilize the 

NMC811 particles under high temperature and high-voltage cycling but also reduce the 

decomposition of PEO-based SPE. As a result, even though the specific discharge capacity 

of the bare NMC811 SSB dramatically drops from 204.8 mAh/g to 73.9 mAh/g in 50 

cycles, ALD LNO coated NMC811 SSB maintains a high specific discharge capacity of 

175.5 mAh/g after 50 cycles, showing significant improvement in the electrochemical 

performance. Mechanism studies by Scanning electron microscopy (SEM), scanning 

transmission electron microscopy (STEM), synchrotron based X-ray absorption 

spectroscopy (XAS), and X-ray photo spectroscopy (XPS) suggest that the uncoated 

NMC811 suffers from chemomechanical degradations along with oxygen release 

triggering the decomposition of SPE, which results in an unstable cathodic electrolyte 

interphase and serious decay in electrochemical performance, while with LNO coating, 
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chemomechanical degradations and oxygen release are inhibited and the decomposition of 

SPE is mitigated, rendering a high performance high energy density SSBs. 

5.2 Experimental 

5.2.1 Preparation of ALD LNO coating NMC811 electrodes 

Bare NMC811 electrodes were prepared as followed: Firstly, 80 wt. % of NMC811 

particles, 10 wt. % carbon-black (Acetylene Black) and 10 wt.% PVDF binder were mixed 

together in the NMP solvent. Secondly, the mixture was coated on Al foils that serves as 

the current collector by doctor blade method. Third, NMC811 electrode was dried in a 

vacuum at 100 oC for 24 h.  ALD LiNbOx (LNO) coating NMC811 electrode was prepared 

by directly coating LNO on the bare NMC811 electrodes in an ALD reactor (Savannah 

100, Cambridge Nanotechnology Inc., USA). Lithium tert-butoxide [LiOtBu, (CH3)3COLi, 

Alfa Aesar, >99.9%] and niobium ethoxide [Nb(OEt)5, Et = -CH2CH3, Strem Chemicals 

Inc., >99.9%] and H2O were used as the precursors and the deposition temperature was set 

as 235 oC. 

5.2.2 Electrochemical performance testing 

All solid-state NMC811 batteries were assembled in the 2032 type coin cells in an argon 

filled glove box (Vacuum Atmosphere Company, moisture and oxygen level less than 1 

ppm). The PEO-based SPE was used as both separator and lithium ion conductor. Lithium 

metal was used as counter electrode and the NMC811 electrode was applied as the working 

electrode. Not any solvent or liquid electrolyte was added into NMC811 SSBs. 

Charge/discharge characteristics were tested between 2.8 and 4.3 V in a 60 oC oven using 

a LAND Battery Tester, the batteries were kept at 60 oC over 30 h before testing. CV of 

the NMC811 batteries were tested between 2.8 and 4.3 V (vs. Li/Li+) at 60 oC. 

Electrochemical impedance spectroscopy (EIS) was performed on the versatile 

multichannel potentiostat 3/Z (VMP3) by applying an AC voltage of 10 mV amplitude in 

the 500 kHz to 0.01 Hz frequency range. 
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5.2.3 Physical characterization 

A Hitachi S-4800 field emission scanning electronic microscopy (FE-SEM), equipped with 

energy dispersive X-ray spectroscopy (EDX) was used to study the morphologies and the 

composition of the NMC811 cathode before and after charge/discharge cycles. 

Synchrotron X-ray absorption were carried out at the Canadian Light Source (CLS). X-ray 

photoelectron spectroscopy was conducted by ESCALAB 250 spectrometer, Perkin-Elmer. 

Cross-sectional TEM samples were prepared by focused ion beam method using Thermo-

Fisher Helios Nanolab DualBeam. HAADF-STEM images and STEM-EDX elemental 

maps were acquired with Thermo-Fischer Talos F200X at an accelerating voltage of 200 

kV. 

5.3 Results and discussion 

ALD derived LNO (ALD-LNO) was deposited directly on the surface of NMC811 

electrode using Savannah 100 ALD system following the method that we reported 

previously.28 Figure 5.1a schematically shows the process of ALD coating on NMC811 

cathode electrode. The growth rate of ALD-LNO is 0.2 nm/cycle.28 TEM image in Figure 

5.1b presents the NMC811 particle with 50 cycles of ALD-LNO coating, where the 

thickness of LNO is around 10 nm. SEM coupled with energy-dispersive X-ray (EDX) 

confirmed the coverage of ALD-LNO coating on NMC811 electrode surface (Figure S5.2 

and Figure S5.3) as indicated by the uniform Nb mapping. Synchrotron based XAS at Nb 

L3-edge was used to characterize the chemical environment of the ALD-LNO. Figure 

5.1c-d are the XAS spectra collected under total electron yield (TEY) and fluorescence 

yield (FLY) mode, respectively. TEY mode collected the information from the top few 

nanometers of the sample surface, while FLY mode was considered to reflect the bulk 

property. Both the edge position and spectral features of the ALD-LNO spectra are highly 

relevant to those of standard LiNbO3 in TEY and FLY modes. The ALD-LNO and the 

standard LiNbO3 samples showed the same peak A position at 2372.8 eV without energy 

shift, which indicated the same oxidation state of Nb in ALD-LNO as in the standard 

LiNbO3 sample (Nb5+). Peak B was related to the ligand field splitting of d-orbitals 

originating from the local coordination structure of Nb5+.28 The minor shift of peak B in 

ALD-LNO compared to standard LiNbO3 sample indicating that there was difference of 
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the local coordination of Nb5+ in ALD-LNO, which was possibly original from the ALD 

synthesis process. ALD-LNO is amorphous while standard LiNbO3 is crystalline, the atom 

or electron surround Nb is different in these two sample. For ALD-LNO, the Nb L3-edge 

XAS spectra were almost the same in FLY and TEY modes (Figure S5.4b). This was due 

to the intrinsic thin film property of ALD-LNO, which resulted in minor difference in bulk 

and surface properties since the thickness of 50 cycles of ALD-LNO is only around 10 nm. 

 

Figure 5.1 (a) schematically showing the ALD-LNO coating on NMC811 electrode. (b) 

TEM image of ALD-LNO coated cathode active material particle. Comparison of Nb L3-

edge XAS between ALD-LNO and standard LiNbO3 sample at (c) TEY and (d) FLY. 

The discharge/charge cycling stability of the SSBs with bare NMC811 cathode or ALD-

LNO coated NMC811 cathode were evaluated at a current density of 0.2 C at 60 oC. The 

results are presented in Figure 5.2. The ALD-LNO coating thickness was optimized based 

on galvanostatic cycling performance (Figure S5.5). The NMC811 electrodes with 20-100 

cycles of ALD-LNO coatings all showed significantly improved stability compared to the 
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bare NMC811 electrode, where 50 cycles of ALD-LNO coating delivered the highest 

specific discharge capacity. The lowered specific capacity by a thick ALD-LNO coating 

(100 cycles) was probably due to the restricted ionic/electronic transport through the 

coating. As a comparison to electrode coating, ALD coating on NMC811 particles only is 

also study, the results are shown in Figure S5.6, where it indicates that particles coating 

has little improvement in electrochemical performance but not as superior as electrode 

coating. Therefore, ALD-LNO coating of 50 cycles was chosen for further studies. Figure 

5.2a and b are the discharge voltage profiles of the SSBs using bare NMC811 and ALD-

LNO coated NMC811 cathodes, respectively. Clearly, the bare NMC811 SSB showed 

obvious capacity fading along with enlarging overpotential upon cycling, which suggested 

the continuous formation of the cathodic electrolyte interphase (CEI) and the decay of the 

NMC811 active materials. In contrast, the SSB with ALD-LNO coated NMC811 electrode 

demonstrated stable cycling performance with good capacity retention, which indicated a 

favorable CEI. The evolutions of the midpoint voltage of these two SSBs over 200 

charge/discharge cycles are compared in Figure 5.2c. At the initial cycle, the midpoint 

voltage of both SSBs were similar around 3.78 V. However, after 200 cycles, the midpoint 

voltage of the bare NMC811 SSB dramatically faded to 3.02 V while the ALD-LNO coated 

NMC811 SSB still maintained a high midpoint voltage of 3.52 V. The stabilization of 

discharge voltage by the ALD-LNO coating is beneficial for preserving high energy 

density. 

The long cycling stabilities of the NMC811 SSBs with or without ALD-LNO coating are 

compared in Figure 5.2d. The specific discharge capacity of the bare NMC811 SSB 

dramatically decreased from 204.8 to 73.9 mAh/g (i.e. 63.9% loss in capacity) within only 

50 cycles. However, the ALD-LNO coated NMC811 SSB can maintained a high specific 

discharge capacity of 175.5 mAh/g after 50 cycles with 84.1 % capacity retention. At 200 

cycles, the ALD-LNO coated NMC811 SSB delivered about 5 times higher discharge 

capacity than the SSB without coating. Meanwhile, the ALD-LNO coated NMC811 SSB 

showed a high average Coulombic efficiency of 99.2 % over 200 cycles, which was 

significantly higher than 92.3 % of the bare NMC811 SSB (Figure 5.2e). This result again 

indicated a more stable cathodic interface between the PEO-based SPE and the ALD-LNO 

NMC811 electrode than the non-coated electrode. The energy density of the as-studied 
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NMC811 SSB is compared to the energy densities of SSBs with dry polymer electrolytes 

from other reported works and the result are shown in Figure 5.2f,g. Clearly, our SSB have 

the highest energy density compared to the previous studies not only for the first cycles but 

also for the extensive cycles. 

 

Figure 5.2 Discharge voltage profiles of (a) Li/SPE/bare NMC811 SSB and (b) 

Li/SPE/ALD-LNO coated NMC811 SSB after different cycles. (c) The midpoint voltage 

evolution the two SSBs over 200 cycles. (d) Comparison of long cycling performance of 

the Li/SPE/bare NMC811 SSB and the Li/SPE/ALD-LNO coated NMC811 SSB. The 

cycling performance was evaluated by galvanostatic discharge/charge cycling at a current 

of 0.2 C at 60 oC. (e) Comparison of the first-cycle Coulombic efficiency and average 

Coulombic efficiency of 200 cycles for the SSBs with or without ALD-LNO coating. (f) 

Comparison of the energy density of 4 V class cathodes in SSBs with dry SPE published 

in different years at the first cycle, and (g) the energy density after different 
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cycles.15,16,20,21,23,29-37 The energy density was calculated based on the cathode only due to 

the limited data about the thicknesses/weights of anode and SPE. 

Ni-rich NMC811 cathode materials are well known to be unstable upon 

charging/discharging cycles not only at liquid-based batteries but also in solid-state 

polymer batteries.12,16 The performance fading of Ni-rich cathode materials is intimately 

related to the chemomechanical degradation such as the crack12,16,38 and the surface 

reconstruction.10 The role of ALD-LNO coating in enhancing the cycling stability of 

NMC811 electrodes in PEO based SSBs was studied comprehensively by focused ion 

beam (FIB), STEM, SEM, synchrotron based XAS. 

The cycled NMC811 particles were collected from SSBs and cut by FIB for structural and 

morphological analyses. STEM image and corresponding EDX elemental mappings for the 

bare NMC811 are shown in Figure 5.3a-d. The bare NMC811 particle exhibited severe 

intergranular and intragranular cracks after 50 charge/discharge cycles in SSBs at 60 oC 

(Figure 5.3a and b), which is consistent with the reported results.16,39 The significant 

mechanical cracks were possibly a combined consequence of the internal pressure resulting 

from material phase heterogeneity and oxygen release.39 The deep delithiation and 

lithiation processes under 60 oC can trigger the surface phase reconstruction by the 

transition of the layered structure to spinel phases and rock-salt phases with the release of 

oxygen (Eq. 5.1, 5.2).39 

Li1-xMO2→(1-x)∙LiM2O4(spinel) + (2x-1)∙MO(rock salt) + (2x-1)/2∙O2      Eq. (5.1) 

Li1-xMO2→(1-x)/2∙Li2O + MO(rock salt)+(1+x)/2∙O2                                  Eq. (5.2) 

Where M = Mn, Co, and Ni, and x is the extracted lithium (0 < x < 1). 

The intercalation/deintercalation of NMC811 resulting in inhomogeneous lithium 

distribution causes mismatched chemical strain, leading to stress concentration near the 

crack tip and grain boundary. The released oxygen was trapped in the cracking gap, 

resulting in big driving force for intergranular/intragranular cracking. Surprisingly, with 

ALD-LNO coating, surface chemistry of NMC811 is changed and the surface phase 

reconstruction process is inhibited. As a result, no intergranular or intragranular cracks 
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were found (Figure 5.3c and d), indicating that ALD-LNO coating can significantly 

enhance the stability of NMC811 cathode particles during long charge/discharge cycles. 

Presumably, the ALD-LNO coating inhibited the surface phase reconstruction for the 

formation of spinel and rock-salt phases, eliminated the chemical strain caused by 

inhomogeneous lithium distribution and the oxygen release, manintaining graining 

boundary contact, thus enhancing the cycling stability of SSBs. Similar results were 

obtained from SEM observations (Figure S5.7). 

 

Figure 5.3 STEM image of (a) a NMC811 secondary particle after 50 cycles of 

charge/discharge and corresponding (b) STEM-HAADF image and STEM-EDX 

mappings. (c) ALD-LNO coated NMC811 particles after 50 cycles of charge/discharge and 
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(d) STEM-HAADF image and STEM-EDX mappings. Scale bars are 2 μm for (a) and (c), 

400 nm for (b) and (d). 

Synchrotron-based soft XAS was conducted to study the variation of surface chemical 

properties of NMC811 after charge/discharge and the results are presented in Figure 5.4. 

Spectra were collected at two detection modes (TEY and FYL) simultaneously on the 

pristine electrode surface and cycled electrodes surfaces with or without ALD-LNO 

coating at discharge state. The valence state of the Ni can be evaluated by the ratio of two 

splits (low energy state and high energy state, which are marked as peaks A and B, 

respectively in Figure 5.4a, b) of L3 edge in the Ni L-edge XAS spectra.40,41 The ratio of 

B/A is positively related to the Ni valence state. Figure 5.4a and c are the Ni L-edge XAS 

TEY and FLY spectra of bare NMC811, ALD-LNO coated NMC811, bare NMC811 after 

cycling and ALD-LNO coated NMC811 electrodes after cycling at SSBs with PEO-based 

SPE, respectively. The spectra exhibited similar features in TEY and FLY modes. 

However, the ratio of B/A of L3 splits were clearly different among these samples as shown 

in Figure 5.4b and d. For TEY information (Figure 5.4b), the bare NMC811 sample 

showed the lowest B/A value indicating low oxidation of Ni in pristine NMC811. For bare 

NMC811 electrode after cycling at the discharge state, the B/A ratio showed a significant 

increase compared to that of pristine NMC811 sample, indicating the Ni oxidation state is 

higher than that of pristine NMC811. In other word, there is higher Ni oxidation state 

phases such as spinel LiM2O4, or NiO2 formation at the surface of particle, consistent with 

the surface phase reconstruction result from STEM studies. The ALD-LNO coated 

NMC811 showed very high B/A ratio, which was probably due to the interaction between 

NMC811 particle surface and ALD precursor (H2O). While NMC811 electrode with ALD-

LNO coating shows less increase in the B/A ratio after cycling at discharge state compared 

to bare NMC811 electrode after cycling, which means ALD-LNO coating can enhance the 

reversibility of NMC811 particles. For FLY information, the bare NMC811 electrode, 

LNO coating NMC811 electrode and ALD-LNO coated NMC811 electrode after cycling 

at discharge state showed almost the same vale of B/A ratio (Figure 5.4d), which means 

ALD-LNO coating material only interact with NMC811 particles surface not into the bulk, 

and ALD-LNO coated NMC811 electrode showed high reversibility in the bulk NMC811 

particle during charge/discharge cycling. Differently, bare NMC811 electrode after cycling 
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presented much higher B/A ratio compared to pristine NMC 811 electrode, which indicated 

poor reversibility of bare NMC811 cathode upon cycling not only at the surface but also in 

the bulk.  

In summary, STEM, SEM, and XAS analyses disclosed the instability of NMC811 

electrode in PEO-based SSBs, but the ALD-LNO coating can effectively enhance stability 

of NMC811 upon long cycles. Co and Mn XAS under FLY mode were also obtained 

(Figure S5.8-S5.9). The Co and Mn XAS spectra of these four samples showed no obvious 

difference. These results are consistent with the report by X. Liu et al., who found that the 

oxidation states of Co and Mn were unchanged in Ni-rich cathode with PEO-based SPE.41 

 

Figure 5.4 Ni L3-edge synchrotron-based XAS at TEY mode (a, b) and FLY mode (c, d) 

for bare NMC811 and ALD-LNO coated NMC811 electrodes before/after 5 

charge/discharge cycle at discharge state. (b), (d) Normalized peak A intensity in 

comparison with varied peak B intensity. 
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PEO-based SPE is known to be unstable under high voltage (> 3.8 V).13 Therefore, the 

effects of ALD-LNO coating on the interfacial stability between NMC811 electrode and 

SPE were analyzed by X-ray photoelectron spectroscopy (XPS) and electrochemical 

impedance spectroscopy (EIS). XPS C K-edge results of bare NMC811 electrode, and 

ALD-LNO coated NMC811 electrode before and after 5 cycles charge/discharge at 

discharge state are shown in Figure 5.5a-c, respectively. The C 1s XPS spectrum of bare 

NMC811 electrode (Figure 5.5a) showed the peaks of C=C at 284.3 eV, C-C(C-H) at 284.8 

eV, C-OH (C-O-C) at 286.0 eV, and CF2 at 290.5 eV.42,43 An increase in the C-OH (C-O-

C) (286.0 eV) peak intensity and area was observed in bare NMC811 electrode (Figure 

5.5b) and ALD-LNO coating NMC811 electrode (Figure 5.5c) after being cycled in SPE-

based SSBs, which was attributed the adhesion of PEO-based SPE on the surface of 

NMC811 electrode after SPE being peeled off from the electrodes. A new peak 

corresponding to O-C=O group (288.8 eV)42 emerged in bare NMC811 electrode (Figure 

5.5b). PEO has repeating units of -(O-CH2-CH2)-, where there was no O-C=O group in 

pristine PEO. This O-C=O peak can be attributed to the decomposition of SPE, as 

supported by the previous theoretical studies and the nuclear magnetic resonance (NMR) 

studies which showed that the decomposed products of PEO contain O-C=O group.44-46 

The decomposition of SPE at the NMC811 electrode/SPE interface can form an instable 

cathode electrolyte interface (CEI), and result in low coulombic efficiency (Figure 5.2d) 

and high cell internal resistance, which was consistent with the EIS results (Figure S5.10a). 

The overall cell resistance of bare NMC811 SSB was over 4 KΩ after 30 cycles of 

charge/discharge and increased to around 10 KΩ after 200 cycles of charge/discharge 

(Figure S5.10a). The continue increase of cell impedance is the result of accumulated 

discomposed products from SPE at the interface. With ALD-LNO coating, the C 1s 

spectrum shows no O-C=O peak, which means ALD-LNO coating on NMC811 electrode 

surface can effectively palliate the decomposition of PEO-based SPE. This is also 

supported by the EIS study of ALD-LNO coated NMC811 SSB after different cycling 

(Figure S5.10b). The over-all resistance of ALD-LNO coated NMC811 SSB after 30 

cycles was about 1.5 kΩ, which was lower than half of the bare NMC811 SSB. After 200 

cycles, the overall resistance was slightly increase to 2.8 kΩ, lower a quarter than that of 

the bare NMC811 SSB. 
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Figure 5.5 XPS C 1s spectra of (a) bare NMC811 electrode, (b) bare NMC811 electrode 

after 5 charge/discharge cycles at the discharge state, and (c) ALD-LNO coated NMC811 

electrode after 5 charge/discharge cycles at the discharge state. (d) XPS spectrum of Nb 3d 

of ALD-LNO coated NMC811 electrode after 5 charge/discharge cycles at discharge state. 

 

Figure 5.6 Schematically showing the ALD-LNO coating effect on the NMC811 SSBs 

with PEO-based SPE. (a) bare NMC811 particle. Crack emerged in the NMC811 particle 

after cycling, along with oxygen released, triggering the severe chemical decomposition of 

SPE.46 The decay of NMC811 particle, chemical decomposition of SPE and the 

electrochemical decomposition of SPE result in an unstable CEI in SSBs; (b) ALD-LNO 
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coated NMC811 particle. ALD-LNO coated NMC811 particle preserves structural 

integrity and without/with less oxygen release, and alleviated SPE decomposition. 

Combining the XPS, STEM results and previous study,10,39,47 bare Ni-rich NMC active 

material undergo phase transition of the layered structure to the rock-salt phase after 

charging/discharging, which will release peroxo-like oxygen species or singlet oxygen 

(1O2),
47,48 which is in a quantum state where all electrons are spin paired and is kinetically 

unstable at ambient temperature. The singlet oxygen or peroxo-like oxygen is very strong 

oxidant for PEO-based SPE, they will trigger the decomposition of SPE similar to its effect 

to trigger the decomposition of liquid organic electrolyte.49,50 Therefore, (1) the 

chemomechanical degradations of NMC811 active materials along with (2) the oxygen 

release triggering the chemical decomposition of PEO-based SPE,46 (3) the 

electrochemical decomposition of PEO-based SPE at high voltage charge process SPE 

would be the three main reasons for the serious performance decay of Ni-rich NMC811 

SSBs. The ALD-LNO coating can effectively inhibit the surface reconstruction of 

NMC811, thus reduce the oxygen release, creating a friendly operation environment for 

PEO-based SPE. Moreover, the low electronic LNO coating layer can reduce the 

electrochemical decomposition of PEO-based at high voltage. As a result of this, ALD-

LNO coating helps the NMC811 SSBs achieve a stable long cycling performance. Figure 

5.6 schematically illustrate the ALD coating mechanism for improving the electrochemical 

performance of NMC811 SSBs. 

5.4 Conclusions 

In conclusion, ALD derived LNO was applied for enhancing the electrochemical 

performance of SSBs with PEO-based SPE and Ni-rich NMC811 cathode for high energy 

density. The role of ALD-LNO coating on NMC811 electrode surface was disclosed by 

STEM, SEM, XAS, and XPS. The results showed that ALD-LNO coating can (i) stabilize 

the NMC811 active materials by preventing them from chemomechanical degradation 

upon cycling, and inhibit the oxygen release, and (ii) minimize the chemical oxidation and 

electrochemical decomposition of PEO-based SPE under high voltage charge/discharge 

processes. The stabilized NMC811 active materials and SPE/cathode interface rendered a 

stable and high performance SSB. This study provides a strategy for stabilizing Ni-rich 
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cathode in solid polymer batteries and inhibiting/ameliorating the decomposition of SPE, 

lighting up the way toward next-generation safe and high energy density ASSLIBs. 
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Supporting information 

 

Figure S5.1 SEM images of pristine (a) NMC811 primary particles and (b) secondary 

particles 

 

Figure S5.2 Characterization of bare NMC811 electrode (a) SEM image of NMC811 

particles and (b)-(e) O, Mn, Co, Ni EDX mapping. (f) EDX spectrum on selected energy 

area. Al signal is originated from a Al foil working as a current collector. 
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Figure S5.3 Characterization of LNO coating on NMC811 electrode (a) SEM image of 

NMC811 particles with 50 cycles ALD-LNO coating and (b)-(f) Co, Mn, Ni, O and Nb 

EDX mapping, and (g) EDX spectrum on selected energy area. 

 

Figure S5.4 XAS in TEY and FLY mode of (a) standard LiNbO3; (b) ALD-LNO. 
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Figure S5.5 The effects of ALD-LNO coating thickness on the performance of NMC811 

SSBs. 

 

Figure S5.6 The effects of ALD-LNO coating on particles and on electrode. 
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Figure S5.7 SEM images and EDX mapping of NMC811 particles after 200 cycles of 

charge/discharge at solid-state batteries (SSBs) with PEO-based solid polymer electrolyte 

(SPE). (a)-(b) High magnitude SEM image of NMC811 primary particle and (c) low 

magnitude SME image of NMC811 secondary particle after 200 cycles of charge/discharge 

at SSBs. (d)-(e) High magnitude SEM image of LNO coating NMC811 primary particle 

and (f) low magnitude SME image of NMC811 secondary particle after 200 cycles of 

charge/discharge at SSBs. (The SEM images is obtained under 5 KV, 15 mA). (g) SEM 

image of NMC811 secondary particle after 200 cycles of charge/discharge at SSBs. (The 

SEM images is obtained under 20 KV, 15 mA), and its corresponding EDX mapping of 

(h)Ni, (i)O, (j)Nb. (k) SEM image of LNO coating NMC811 secondary particle after 200 

cycles of charge/discharge at SSBs. (The SEM images is obtained under 20 KV, 15 mA), 

and its corresponding EDX mapping of (h)Ni, (i)O, (j)Nb. 

SEM images of NMC811 particles after 200 cycles charge/discharge show obviously 

particles crack (Figure S5.7a-c, g), which is consistent with the reported results.16 The 
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reason for the crack is not fully clear. It is suggested that the lattice breathing, anisotropic 

volume change during cycling, the release of the oxygen, the phase transformation and 

surface reconstruction may be possibly responsible to the crack arise. Surprisingly, the 

NMC811 in the electrode with ALD-LNO coating show almost not cracking in the particles 

(Figure S5.7d-f, k), indicating the LNO can enhance the stability of NMC811 cathode 

particles. 

 

Figure S5.8 Co XAS under FLY mode of bare NMC 811 electrode, LNO coating NMC811 

electrode, bare NMC811 electrode after 5 cycles of charge/discharge at discharge state and 

LNO coating NMC811 electrode after 5 cycles of charge/discharge at discharge state. 
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Figure S5.9 Mn XAS under FLY mode of bare NMC 811 electrode, LNO coating 

NMC811 electrode, bare NMC811 electrode after 5 cycles of charge/discharge at discharge 

state and LNO coating NMC811 electrode after 5 cycles of charge/discharge at discharge 

state. 

 

Figure S5.10 Comparisons of the cell overall resistance at after 30, 40 and 200 cycles of 

charge/discharge at 60 oC. (a) bare NMC811 SSB. (b) ALD LNO coating NMC811 SSB. 
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Figure S5.11 Nb synchrotron based XAS at L3 edge at (a) TEY mode and (FLY) mode.  
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Chapter 6  

6 A facile method for enhancing the electrochemical 
oxidation window of PEO-based solid-polymer 
electrolytes 

In the previous two chapters, the interfacial engineering by ALD derived materials was 

conducted to enhance the performance of ASSLIBs. However, the intrinsic problem, the 

low electrochemical oxidation window of PEO-based SPEs, is not solved if only interfacial 

engineering is used.  

In this study, PEO-based SPEs are prepared by dimethylformamide (DMF) and acetonitrile 

(AN) solvent, respectively, for ASSLIBs with a 4 V class cathode. The PEO-based SPE 

prepared by DMF coupling with LiCoO2 ASSLIBs deliver excellent cycling performance with 

84 % capacity retention after 150 cycles. NMR spectrum of PEO-based SPEs prepared by DMF 

and AN indicates these SPEs have different end group in PEO chain. Via (DFT) calculation, it 

is disclosed that DMF modified end group of PEO has higher stability than that of regular OH 

end group PEO, consistent well which is consistent with the electrochemical stability testing 

results from LSV. Synchrotron-based XAS results and EIS studies indicate that PEO-based 

SPEs prepared by DMF have a more stable interface with LiCoO2, compared to PEO-based 

SPEs prepared by AN, due to their higher electrochemical stability at high voltage. This study 

provides a novel strategy for enhancing the electrochemical oxidation window of PEO-based 

SPEs, paving the way for developing high performance, high energy density solid polymer 

batteries. 
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6.1 Introduction 

The pursuit of safe and high energy density lithium ion batteries (LIBs) are receiving more 

and more research concerns due to the global energy risks, environmental pollution and the 

rapid increase in energy consumption and also because LIBs are green energy storage 

systems and they are promising candidates for replacing fossil fuels for the application in 

electric vehicles (EVs). However, current liquid-based LIB technologies suffer from 

serious safety issues related to the existence of liquid organic electrolyte, which is 

flammable and could potentially leak, resulting in safety concerns such as fire and 

explosion. Therefore, developing all-solid-state LIBs (ASSLIBs) is urgent and is regarded 

as the ultimate solution for safe and high energy density LIB systems. To realize ASSLIBs, 

many solid-state electrolytes (SSEs) including polymer-, oxide-, sulfide-, and halide-based 

ionic conductors have been heavily investigated as the separators in ASSLIBs.1-7  

Among all the SSEs, polymer-based SSEs consisting of polyethylene oxide (PEO) 

complexing with lithium salt is one of the most promising SSEs for ASSLIBs. It has been 

commercialized in practical EVs with LiFePO4 as the cathode and lithium metal as the 

anode.8 Therefore, PEO-based solid polymer electrolytes (SPEs) receive tremendous 

research concerns due to their capacity for EV applications.1-3,9,10 PEO-based SPEs have 

many advantages such as a facile preparation process, low interfacial resistance towards 

electrode, low cost, and are environmentally-friendly. Unfortunately, the low ionic 

conductivity at room temperature and the low electrochemical oxidation window of PEO 

significantly limits its application in 4 V class high energy density cathodes, such as 

LiCoO2, layer structure lithium nickel manganese cobalt oxide (NMC), and lithium nickel 

cobalt aluminum oxide.11-13  

The low ionic conductivity at room temperature problem has received tremendous research 

interests and the approaches for addressing this challenge include (i) making hybrid 

electrolytes, (ii) adding plasticizer and (iii) searching for new polymer systems.2,9,14-16 

However, a few works were done to address the low electrochemical oxidation window 

problem for high voltage cathodes. To stabilize the SPE in 4 V class cathode systems, 

protecting the active materials with an inert coating layer is one of the promising strategies. 

The coating materials such as Al2O3, Li3PO4, poly(ethylcyanoacrylate) and SSE 
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Li1.4Al0.4Ti1.6(PO4)3, have been studied for protecting LiCoO2 for the application in solid 

polymer batteries (SPBs).13, 17-19 They showed that the coating method can improve the 

electrochemical performance of LiCoO2 SPBs to some extent. Our previous study showed 

that the conductive carbon in the LiCoO2 electrode is detrimental to the cycling 

performance of SPBs, because conductive carbon can accelerate the decomposition of the 

SPE at high voltage. By applying atomic layer deposition, a thin layer of lithium tantalite 

was coated on conductive carbon to protect the SPE/carbon interface. As a result of this, 

an enhanced cycling performance was achieved in all-solid-state LiCoO2 batteries.20 

Another strategy for stabilizing 4 V class SPBs is to pursue high voltage stable SPEs. As a 

good example, W. Zhou et al. develop a poly(N-methyl-malonic amide)-based SPE for 

high performance 4 V class SPBs by using this SPE at the cathode interface, and a PEO-

based SPE at the anode interface. The poly(N-methyl-malonic amide)-based SPE is stable 

at high voltage to again electrochemical oxidation, but it is not stable toward the lithium 

anode, while the PEO-based SPE is stable toward the lithium anode but its electrochemical 

oxidation window is low. Therefore, the double layer structure SPE renders a high-

performance SPB with a LiCoO2 cathode.21 Even though these approaches can improve the 

performance of SPBs to some extent, the intrinsic problem, the low electrochemical 

oxidation window problem of PEO-based SPEs, does not change in all the cases.  

Herein, a facile method for enhancing the electrochemical oxidation window of PEO-based 

SPEs was proposed. PEO-based SPEs prepared by DMF and AN (referred to as DMF-

PEOSPE and AN-PEOSPE, respectively) are studied and applied in ASSLIBs. PEO-based 

SPEs prepared by DMF show very stable electrochemical performance in ASSLIBs with 

LiCoO2 as the cathode. After 150 charge/discharge cycles, the capacity retention for DMF-

PEOSPE is 84 %, while only 50 % is achieved for AN-PEOSPE. The linear scan 

voltammetry (LSV) studies illustrated that DMF-PEOSPE has a higher oxidation window 

compared to AN-PEOSPE. By studying the structure of PEO polymer using 1H NMR, it is 

found that, when DMF is used as the solvent, the CH3 end-group of PEO is replaced by the 

dimethylamine group. This replacement makes the C-C bonds in PEO polymer more stable 

as indicated by the theoretical calculation result. The higher stability of DMF-PEOSPE 

could be the reason for the 4 V class ASSLIB’s performance enhancement. The 

synchrotron-based X-ray absorption spectroscopy (XAS) results and electrochemical 
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impedance spectroscopy (EIS) studies indicate the DMF-PEOSPE/cathode interface is 

more stable than the AN-PEOSPE/cathode interface, which is consistent with the 

electrochemical performance results and LSV results. This facile approach shall give new 

insights about tailoring the chemical structure of PEO polymer for enhancing its 

electrochemical stability window for high performance, high energy density ASSLIBs. 

6.2 Experimental 

6.2.1 Preparation of PEO-based SPEs with different solvents 

PEO (M.W. 1000,000) was firstly dried at 50 oC before use. The 0.6 g of PEO and 0.10 g 

of LiClO4 (purity, 99.9 % stored in glovebox) were then added in to either 25 mL 

acetonitrile (AN) solvent or dimethylformamide (DMF) solvent and stirred at 70 oC for 

overnight. The mixtures were then cast in a Teflon substrate and the solvent slowly 

evaporated room temperature firstly for over-night, following by transferring to a 60 °C 

vacuum oven for 3 days. The obtain PEO-LiClO4 SPEs membranes (label as AN-PEOSPE 

and DMF-PEOSPE) were then immediately transferred to an Ar-protected glovebox and 

left to rest for 3 days or longer before usage. For PEO-LITFSI SPEs, the same procedure 

was conducted but just replacing the LiClO4 by LITFSI. 

6.2.2 LiCoO2 electrodes preparation 

LiCoO2 electrodes were prepared by mixing 90wt. % LiCoO2 particles, 6 wt. % carbon-

black (Acetylene Black), 6 wt.% binder polyvinylidene fluoride (PVDF) and N-Methyl-2-

pyrrolidone (NMP) solvent to form a slurry. Then the slurry was cast on Al foil by doctor 

blade method. The sample was then dried at 100 oC in a vacuum oven for 12 h to obtain 

the LiCoO2 cathode electrode. 

6.2.3 Electrochemical performance testing 

ASSLIBs were assembled in 2032 type coin cells in an Ar-protected glove box (Vacuum 

Atmosphere Company, moisture and oxygen level less than 1 ppm). LiCoO2 electrode and 

lithium foils were used as the working electrode and the counter electrode, respectively. 

The AN-PEOSPE or DMF-PEOSPE were used as both ionic conductor and separator in 

different ASSLIBs. No additional solvent or liquid electrolyte was used in the LiCoO2 
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ASSLIBs. Galvanostatic charge/discharge testing was performed between 2.7 and 4.2 V 

(or 4.3 V) in a 60 oC oven, using a LAND Battery Tester. All ASSLIBs were rested for 

over 30 h before testing at 60 oC. Cyclic Voltammetry of the ASSLIBs was performed 

between 2.7 and 4.2 V (vs. Li/Li+) in a 60 oC oven. Electrochemical impedance 

spectroscopy (EIS) was performed on a versatile multichannel potentiostat 3/Z (VMP3) by 

applying an AC voltage with 10 mV amplitude in the frequency range from 500 kHz to 

0.01 Hz. 

6.2.4 Material characterizations 

A Hitachi S-4800 field emission scanning electronic microscope (FE-SEM) equipped with 

energy dispersive X-ray spectroscopy (EDX) was used to characterize the morphology and 

element distribution in samples. Raman spectra were obtained using a HORIBA Scientific 

LabRAM HR Raman spectrometer system equipped with a 532.4 nm laser. X-ray 

diffraction (XRD) was performed in Bruker D8 Advance Diffractometer. Co L-edge X-ray 

absorption spectroscopy (XAS) measurements using total electron yield (TEY) and 

fluorescence yield (FLY) modes were collected at the Canadian light source (CLS). 1H 

NMR spectrum was obtained in Mercury 400 NMR equipment by using CDCl3 as the 

solvent at 25 oC. 

6.3 Results and discussion 

DMF-PEOSPE based SPE is prepared by dissolving the PEO polymer, and LiClO4 in DMF 

solvent and stirring it at 70 oC overnight. In comparison, AN-PEOSPE is prepared by 

dissolving the PEO polymer, and LiClO4 in acetonitrile (AN) solvent and stirring it at 70 

oC overnight. The obtained mixture is cast on Teflon dishes to evaporate the solvent in a 

60 oC vacuum oven for 3 days. Thermogravimetric analysis (TGA) was applied to check 

the remaining solvent in both SPEs. The result in Figure 6.1a shows that there is no residue 

of solvent in either SPE. The electrochemical and physical properties of DMF-PEOSPE 

and AN-PEOSPE are studied by impedance spectroscopy, Raman, X-ray deflection (XRD) 

(Supporting information) and scanning electron microscopes (SEM). Interestingly, the 

physical properties of AN-PEOSPE and DMF-PEOSPE behave differently. The 

thicknesses of SPEs prepared with the same mass of PEO and the same mass of LiClO4 
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salt casting, in the same size of evaporating dish, are different. A 90 μm thickness of AN-

PEOSPE is obtained, while its thickness is only 68 μm for DMF-PEOSPE (Figure 6.1b,c). 

The optical colors of these two SPEs are also different, AN-PEOSPE is white color with 

half transparent, while DMF-PEOSPE exhibits orange color with half transparent (Figure 

6.1e,f). Figure 6.1d presents the temperature dependent ionic conductivity of DMF-

PEOSPE and ANPEOSPE. They have similar ionic conductivity values at room 

temperature and high temperature areas, but different ionic conductivities in the 50 - 60 oC 

region, which should be the reason that DMFPEOSPE and AN-PEOSPE have different 

chain movement. At 60 oC, the ionic conductivity of AN-PEOSPE is 3.3×10-4 S/cm and it 

is 1.1 ×10-4 S/cm for DMF-PEOSPE; both are sufficient for the application in ASSLIBs. 

 

Figure 6.1 (a) Comparison of TGA for DMF-PEOSPE and AN-PEOSPE. (b), (c) The 

comparison of thicknesses of AN-PEOSPE (b) and DMF-PEOSPE (c) with the same 

weight and same size. (d) Temperature dependent ionic conductivity of DMF-PEOSPE and 

AN-PEOSPE. (e) and (f) The optical images of AN-PEOSPE (e) and DMF-PEOSPE (f). 
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Figure 6.2 CV cures of (a) Li/SPE/LiCoO2 ASSLIBs with AN-PEOSPE, and (b) 

Li/SPE/LiCoO2 ASSLIBs with DMF-PEOSPE, Charge/discharge profiles of (c) 

Li/SPE/LiCoO2 ASSLIBs with AN-PEOSPE and (d) Li/SPE/LiCoO2 ASSLIBs with DMF-

PEOSPE and (e) the comparison of long cycling performance of Li/SPE/LiCoO2 ASSLIBs 

with AN-PEOSPE and DMF-PEOSPE. All Li/SPE/LiCoO2 ASSLIBs were tested at 60 oC. 

The electrochemical performances of ASSLIBs with DMF-PEOSPE or AN-PEOSPE and 

LiCoO2 as the cathode are evaluated and the results are presented in Figure 6.2. Firstly, 

the CV cures of ASSLIBs with AN-PEOSPE and DMF-PEOSPE are illustrated in Figure 

6.2a, b. Both CV cures display very similar cathodic/anodic processes with an anodic peak 

voltage at 4.12 V and a cathodic peak voltage at 3.73 V, corresponding to that of the 

conversion between Co3+ and Co4+. The long cycling performance of ASSLIBs with 

LiCoO2 were evaluated by galvanostatic testing at 60 oC, with the first two cycles in 0.1 C 

current density and the rest at 0.4 C current density. Figure 6.2c, d compared the 
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charge/discharge voltage profiles for the ASSLIBs with AN-PEOSPE and DMF-PEOSPE. 

It is clear that the ASSLIBs with AN-PEOSPE show obvious capacity fading within 30 

cycles of charge/discharge, along with an obvious increase in the overpotential of the cell. 

In great contrast, the ASSLIBs with DMF-PEOSPE show almost no increase in the cell 

overpotential and the capacity fading is very small, which means DMF-PEOSPE has better 

electrochemical performance in 4 V class LiCoO2 ASSLIBs. The long cycling performance 

of the ASSLIBs are compared in Figure 6.2e. The ASSLIBs with AN-PEOSPE deliver an 

initial discharge capacity of 132.1 mAh/g at 0.1 C; it dramatically decreases to 66.2 mAh/g 

after 150 cycles. For the ASSLIBs with DMF-PEOSPE, an initial discharge capacity of 

128 mAh/g is disclosed, after 150 cycles, its discharge capacity still maintains at 107.7 

mAh/g (corresponding to a capacity retention of 84 %), almost two times higher than that 

of the ASSLIBs with AN-PEOSPE. For the average coulombic efficiency within 150 

cycles, it is 99.3 % for the ASSLIBs with AN-PEOSPE and 99.8 % for the ASSLIBs with 

DMFPEOSPE. The higher average coulombic efficiency of the SPBs with DMF-PEOSPE 

indicates there is less decomposition of DMF-PEOSPE at LiCoO2 ASSLIB. 

To understand the insight mechanism for the electrochemical performance enhancement of 

the LiCoO2 ASSLIBs, the electrochemical oxidation window of these SPEs were studied 

by the LSV method. The results are presented in Figure 6.3a. The on-set oxidation 

potential of DMF-PEOSPE is around 0.2 V higher than that of AN-PEOSPE, clearly 

demonstrating again that DMF-PEOSPE has higher capacity to electrochemical oxidation 

at high voltage. 1H nuclear magnetic resonance (NMR) was performed to study the 

molecule structures of DMF-PEOSPE and AN-PEOSPE. The results are presented in 

Figure 6.3b,c below. The main shift at 3.67 ppm for both SPE samples are from the main 

chain of ethylene oxide. Differently, the chemical shift at 2.97 ppm for AN-PEOSPE is the 

H from the end methyl (CH3) group of PEO, which is supported by the reported data.22, 23 

For DMF-PEOSPE, a chemical shit at 2.38 ppm, and a minor shift at 2.77 ppm are 

outstanding, which could be the H in dimethylamine group and the adjacent methylene, 

respectively. Similar data is reported by Y. Want et al. and C. Mu et al.22, 24 It is believed 

that the dimethylamine group for DMF-PEOSPE comes from the reaction between DMF 

and original PEO. The possible chemical reactions between DMF and PEO is proposed in 

Figure SI6.5. DMF is an active solvent; it has great potential to react with PEO. Similar 
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reaction between DMF and polymers have been studied by D. DrHgan,25 Y. Wang et. al.24 

and C. Subramanian et al.26 After being replaced, the polymer structure may become more 

stable. Therefore, the electrochemical oxidation resistance of SPE is increased. In order to 

confirm this proposal, the Gibbs energies for the breaking of a C-C bond in a [H3CO-[-

CH2-CH2-O-]4-CH3]
+ cation and in a [(H3C)2N-[-CH2-CH2-O-]4-CH2-CH2-N(CH3)2]

+ 

cation are calculated. The results in Figure 6.3d,e illustrate that a [(H3C)2N-[-CH2-CH2-O-

]4-CH2-CH2-N(CH3)2]
+ cation has a higher Gibbs energy for the breaking of a C-C bond, 

which is +176.4 kj/mol compared to +58.7 kj/mol for a [H3CO-[-CH2-CH2-O-]4-CH3]
+ 

cation. The higher Gibbs energy means it requires higher energy to break the C-C bond, 

which means it is more stable. This result supports that the replacement of the methyl group 

end group of PEO can enhance the stability of the polymer, which could be the reason why 

DMF-PEOSPE exhibits better electrochemical performance in ASSLIBs. 

 

Figure 6.3 (a) LSV studies of DMF-PEOSPE and AN-PEOSPE (from OCV to 6 V 

vs.Li/Li+). (b) 1H NMR spectrum for DMF-PEOSPE and AN-PEOSPE and (c) the enlarged 

area of 1H NMR spectrum from 1.5 to 4 ppm. Schematic diagram and Gibbs energies for 

breaking the C-C bond in (d) H3CO-[-CH2-CH2-O-]4-CH3]
+ cation and (c) [(H3C)2N-[-
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CH2-CH2-O-]4-CH2-CH2-N(CH3)2]
+ cation. White sphere: H; grey sphere: C; red sphere: 

O and blue sphere: N. 

The interfacial properties between LiCoO2 cathodes and SPEs were studied by synchrotron 

based XAS at Co L-edge and EIS. LiCoO2 electrodes were cycled in ASSLIBs for 5 times 

and stopped at discharge state, with different SPEs and then they were peeled off from the 

SPEs for XAS studies. The results are shown in Figure 6.4a,b. XAS at Co L-edge were 

collected at two different modes, which are total electron yield (TEY) and fluorescence 

yield models (FYL) modes, respectively, for each sample. The TEY mode collected the 

information from the top few nanometers of the surface of the samples, while FLY 

collected the information from the more inside of the samples, which is bulk sensitive. For 

the TEY mode (Figure 6.4a), the LiCoO2 in the ASSLIBs with ANPEOSPE shows a clear 

increase in the L3 peak shoulder, which means there is a decrease in the unoccupied high 

energy Co 3d state, suggesting that Co is reduced.27, 28 The reduction of Co is possibly due 

to the interaction/reaction between the PEO and LiCoO2 particle surface. This 

interaction/reaction between the PEO and LiCoO2 particle surface can refer to the 

interaction/reaction between liquid organic electrolytes and LiCoO2, as reported by D. 

Takamatsu et al.29 The reduction of Co means there is oxidation of AN-PEOSPE in 

ASSLIBs. And this result suggests that the AN-PEOSPE/LiCoO2 electrode interface is not 

stable, which is detrimental for the electrochemical performance of ASSLIBs. In contrast, 

the Co L3 edge of the LiCoO2 in the ASSLIBs with DMF-PEOSPE, after cycling, has very 

good reversibility compared to pristine LiCoO2, which indicates that the DMF-

PEOSPE/LiCoO2 interface is stable. For FLY information (Figure 6.4b), all the Co XAS 

from these three samples have similar spectra, which indicates the bulk of the LiCoO2 are 

highly reversible and the interaction/reaction between SPEs and LiCoO2 only happens on 

the surface of LiCoO2, within 5 cycles of charge/discharge.  
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Figure 6.4 Co L-edge XAS in (a) TEY and (b) FLY modes. EIS spectra for Li/SPE/LiCoO2 

ASSLIBs with SPE prepared by (c) AN and (d)DMF. EIS spectra were collected at a 4.2 

V charging state. 

Furthermore, in order to investigate how the interfacial resistances of the cell evolve during 

different charge/discharge cycles, EIS measurements were conducted to study the 

interfacial impedance of the ASSLIBs. The interfacial impedance is a comprehensive 

physical quantity that represents the interface stability of the batteries. For ASSLIBs with 

AN-PEOSPE, EIS spectra have represented two semicircles, one at a high frequency region 

and the other at a low frequency region. The high frequency semicircle is corresponding to 

the SPE/Li anode interface, and the low frequency semicircle is corresponding to the 

SPE/LiCoO2 cathode interface, as proposed by S. Seki et al.18 The overall impedance of 

the cell shows an obvious increase trend within 30 cycles of charge/discharge, from around 

580 Ω at the 15th cycle, growing to 680 Ω at the 30th cycle. More importantly, the increase 

of the overall cell resistance is mainly due to the enlargement of the low frequency 

semicircle (SPE/LiCoO2 cathode interfacial resistance), which suggests that the AN-

PEOSPE/LiCoO2 cathode interface is not stable. The accumulated decomposed products 
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from AN-PEOSPE on the AN-PEOSPE/LiCoO2 cathode interface, with the long cycling 

number, will dramatically increase the resistance ASSLIBs. Differently, the overall 

impedance of ASSLIBs with DMF-PEOSPE is quite stable at 600 Ω, within 30 cycles. This 

stable impedance evaluation of ASSLIBs with DMF-PEOSPE demonstrates that 

DMFPEOSPE has better electrochemical stability compared to AN-PEOSPE in ASSLIBs 

during cycling. The XAS and EIS results are quite consistent with the cycling performance 

results (Figure 6.2) and the LSV, Gibbs energy calculation results (Figure 6.3). 

6.4 Conclusion 

In summary, a facile method to increase the electrochemical oxidation window of PEO-

based SPEs is reported. PEO-based SPEs prepared by DMF have a dimethylamine end 

group, which is different from the common PEO having an active end group. This 

dimethylamine end group PEO has an enhanced electrochemical oxidation window and 

better cycling performance in 4 V class LiCoO2 ASSLIBs. After 150 charge/discharge 

cycles, the capacity retention for DMF-PEOSPE was 84 %, while only 50 % was achieved 

for AN-PEOSPE. The Co L-edge XAS and EIS studies also supported the better interfacial 

stability between the DMF-PEOSPE/cathode interface. This study discloses a novel 

approach for improving the electrochemical performance of 4 V class ASSLIBs with PEO-

based SPEs, paving the way for developing high energy density ASSLIBs for practical 

electric vehicle application. 
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Supporting information 

Supporting images: 

 

Figure S6.1 XRD of PEO-based SPE prepared by AN and DMF. 

 

Figure S6.2 Raman spectra of PEO-based SPE prepared by AN and DMF. 
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Figure S6.3 FTIR spectra of PEO-based SPE prepared by AN and DMF. 

 

Figure S6.4 Comparison of electrochemical performance for ASSLIBs with PEO-LITFSI 

SPEs prepared by AN and DMF. The charge/discharge voltage range is 2.7 – 4.3 V. 

Temperature: 60 oC. Current density: 0.4C. 

 

Figure S6.5 Proposed chemical reaction between methyl group end group PEO, with DMF 

solvent at 70 oC.  
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Modeling of Gibbs energy: 

All systems were optimized at the B3LYP-D3(BJ)/def2-TZVP level in Gaussian 16.1-7 

Solvent effects were included by simulating an acetone solvent (relative permittivity = 

20.493) with the polarizable continuum model (PCM).8 Acetone is chosen because most 

Li-based batteries use a 7:3 mixture of linear and cyclic carbonates with a relative 

permittivity of about 20.9 Analytic computations of vibrational frequencies verified all 

structures as minima and gave the ro-vibrational contributions to the Gibbs energy.  
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Chapter 7  

7 Dramatically prolonged cycling life of 4 V all solid-state 
polymer batteries by alternating high voltage compatible 
binders 

In previous three chapters, interfacial engineering by ALD between SPE and cathodes 

interfaces as well as the modification of PEO polymer structure are studied to enhance the 

electrochemical performance of ASSLIBs. However, the cathode component design has 

not yet been studied and the cathode component has great influence on the interface 

stability. The components’ physical/chemical properties may be critical for the 

electrochemical performance of ASSLIBs. 

Previous reported studies had mainly focused on the approaches including interface 

engineering and developing high voltage stable SPEs, while the binder effect of cathode 

electrode is ignored. In many reported studies, the most used binders were the low 

electrochemically stable PEO or EO containing polymers. In this work, four binders 

including commonly used binders PEO, PVDF, and carboxyl-rich polymer (CRP) binders 

such as sodium alginate (Na-alginate) and sodium carboxymethyl cellulose (CMC) were 

studied for the application in 4 V class all-state polymer batteries (ASSPBs). The results 

show ASSPBs with CRP binders exhibit superior cycling performance up to 1000 cycles 

(60 % capacity retention, almost 10 times higher than those of PEO and PVDF). 

Mechanism studies indicate that CRP binders are more stable at high voltage and they can 

not only strongly bind electrode materials together for maintaining the structure stability, 

but also work as a coating like material to avoid the detrimental effect of carbon in 

accelerating the decomposition of PEO-based SPE. This work shall give new insights on 

the facile and highly effective method of the alternation towards stable binders to realize 

high-performance long cycle life of 4 V class ASSPBs. 
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7.1 Introduction 

Lithium-ion batteries (LIBs) play an integral role in our daily life, with a wide variety of 

applications extending from portable electronic devices to electric vehicles (EVs). 

However, the organic liquid electrolyte used in conventional LIBs presents serious safety 

concerns due to its flammability and low flash point.1 The development of solid-state 

batteries (SSBs) is a promising direction for addressing these safety issues. One of the key 

components of high-performance SSBs is the solid-state electrolyte (SSE). Oxide-based 

SSEs,2, 3 sulfide-based SSEs,4, 5 halide-based SSEs6-8 and polymer-based SSEs9 are 

regarded as the most encouraging candidates for applications in SSBs. Among them, 

polyethylene oxide (PEO) solid polymer electrolyte (SPE) shows great promise due to its 

high ionic conductivity at elevated temperature, low interfacial resistance towards 

electrodes and simple fabrication process.10 More importantly, all-solid-state polymer 

batteries (ASSPBs) with lithium metal anodes, SPE and LiFePO4 cathodes have been 

commercialized and are used in the Bolloré Bluecar,9 which clearly demonstrates the great 

capability of SPE for SSBs. 

However, it has been widely found that the state-of-the-art PEO-based SPEs developed so 

far deliver poor electrochemical performance when coupling with high energy density 

cathodes such as lithium cobalt oxide (LiCoO2) and layer structure lithium nickel 

manganese cobalt oxide (NMC). This is because PEO-based SPEs have a relatively low 

electrochemical oxidation potential - less than 3.8 V vs. Li/Li+.11 These high energy density 

cathodes typically require charging voltages up to 4.2 V or higher to achieve a high specific 

capacity. At these voltages, PEO-based SPEs undergo electrochemical decomposition.11,12 

In order to address this serious limitation, significant research efforts have been dedicated 

to stabilizing the SPE when coupled with 4 V class cathodes and they can be classified to 

the following strategies: (i) the first approach is coating the cathode particles with inert 

materials which are stable at high voltage, such as Al2O3,
13 Li3PO4,

14 polymer materials 

(including PECA15 and CMC16), and NASICON SSE (LATP).17 (ii) the second method is 

coating the cathode electrode using techniques like atomic layer deposition to deposit 

materials such as lithium tantalite, to reduce the electrochemical decomposition of SPE.18 

(iii) third strategy involves making double layer SPEs with a SPE stable at high voltage on 
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the cathode side and a SPE stable at low voltage adjacent to the Li metal anode,19 or using 

the same polymer metric with different lithium salt at different layer.20 Nonetheless, 

although many of the above-mentioned methods can enhance the cycling stability and 

increase the cycling life of ASSPBs using 4 V cathodes, they usually require additional 

treatment steps, and they still cannot be satisfactory for long cycling performance. 

The cathode binder plays an important role in not only liquid-based LIBs but also SSBs. 

Binder effects in silicon anode-based LIBs and high-voltage cathode-based LIBs with 

liquid electrolyte have received tremendous research attention.21-25 Binders for high 

performance SSBs with sulfide-based SSEs are also being studied and developed.26-30 

Unfortunately, in ASSPBs, the ionic conductivity of the binder is overemphasized, since 

the ionic conductivity of the cathode is poor without liquid electrolyte infiltration. Thus, 

the most commonly used binders in ASSPBs are PEO or ethylene oxide (EO)-containing 

polymers which have good ionic conductivity.3,9,13,15,31 However, PEO and EO-containing 

polymers have a low electrochemical oxidation potential, which makes them unsuitable for 

4 V class ASSPBs. It is therefore necessary to pursue a suitable binder for long cycle life, 

high performance, 4 V class ASSPBs. 

Herein, we will introduce a facile and highly effective method by simply adopting the high 

voltage tolerant binders to significantly prolong the cycling lives of 4 V class ASSPBs 

based on PEO-based SPE. We conducted a careful study which examined the suitability of 

different binders including PEO, polyvinylidene fluoride (PVDF), and carboxyl-rich 

polymer (CRP) binders (including sodium alginate (Na-alginate) and sodium 

carboxymethyl cellulose (CMC)) for making 4 V class LiCoO2 electrodes which were then 

coupled with a PEO-based SPE in ASSPBs. The electrochemical performance of these 

ASSPBs were evaluated and the mechanism were investigated by cyclic voltammetry 

(CV), X-ray photoelectron spectroscopy (XPS), synchrotron-based X-ray absorption 

spectroscopy (XAS) and first principles calculations. The initial discharge capacity of these 

4 V class ASSPBs with different binders is approximately 131-135 mAh/g. After 300 

cycles, 40.1 % capacity retention is achieved with PEO binder, 46 % capacity retention 

with PVDF binder, and 85% with CRP binder (CMC). After 1000 cycles, the ASSPB with 

PEO binder retains only 6.7 % capacity, while 59.7 % capacity is retained with the CRP 
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binder. CV results indicates CRPs have better electrochemical stability at high voltage 

compared to PEO and PVDF. O K-edge XAS and morphologies studies shows that CRPs 

can strongly bind the electrode materials together and also work as a coating material. XPS 

and Co L-edge XAS results demonstrate that a stable SPE/cathode interface is achieved 

with the CRP binder, while obvious PEO decomposition products are observed in the 

LiCoO2 electrode surface with PEO as the binder. First principles calculations are 

consistent with electrochemical performance, XPS and XAS results, and they also show 

that CRP binders are better than PEO and PVDF binders. The stability and physical 

property of CRP binders in 4 V class cathodes throughout the charge and discharge 

processes is an important step on the road to high-performance, long cycle life, 4 V class 

ASSPBs. 

7.2 Experimental 

7.2.1 LiCoO2 electrodes and binder-AB composite electrode 
preparation 

LiCoO2 electrodes were prepared by mixing 80 wt. % LiCoO2 particles, 10 wt. % carbon-

black (Acetylene Black), 10 wt.% binder (PEO, PVDF, Na-alginate, CMC,) and solvent to 

form a slurry. The solvent, acetonitrile, was used for the PEO binder, N-

methylpyrrolidinone (NMP) for PVDF, and water for Na-alginate and CMC. A doctor 

blade casting method was used to coat the slurry on the carbon coated Al foil. The 

electrodes with different binder are referred as binder-LCO. The PEO-LCO, Na-alginate-

LCO, and CMO-LCO electrodes were dried at 60 oC in a vacuum oven for 12 h and the 

PVDF-LCO electrode was dried at 100 oC in a vacuum oven for 12 h to obtain the LCO 

electrodes.  

7.2.2 Electrochemical performance testing 

All solid-state polymer batteries (ASSPBs) were assembled in 2032 type coin cells in an 

Ar-protected glove box (Vacuum Atmosphere Company, moisture and oxygen level less 

than 1 ppm). LiCoO2 electrodes with different binders and lithium foils were used as the 

working electrodes and the counter electrodes. The PEO-LiClO4-LLZO SPEs were used as 

both ionic conductor and separator. No additional solvent or liquid electrolyte was used in 



147 

 

the LiCoO2 ASSPBs.  Galvanostatic charge/discharge testing was performed between 2.7 

and 4.2 V (or 4.3 V) in a 60 oC oven using a LAND Battery Tester. All ASSPBs were 

rested for over 30 h before testing. For liquid based LiCoO2 batteries, a liquid electrolyte 

containing 1 M LiPF6 in ethylene carbonate (EC), ethylmethyl carbonate (EMC), and 

diethyl carbonate (DEC) solvents with a 1:1:1 volume radio was used and Celgard 2400 

was used as the separator. Cyclic voltammetry of the ASSPBs was performed between 2.7 

and 4.2 V (vs. Li/Li+) in a 60 oC oven. Cyclic voltammetry of the Li/SPE/binder-carbon 

cell was performed between OCV and 4.3 V (vs. Li/Li+) in a 60 oC oven. 

7.2.3 Material characterizations 

A Hitachi S-4800 field emission scanning electronic microscope (FE-SEM) equipped with 

energy dispersive X-ray spectroscopy (EDX) was used to characterize the morphology and 

element distribution in samples. X-ray photoelectron spectroscopy (XPS) was conducted 

with a Thermo Scientific K-Alpha instrument at the University of Toronto. X-ray 

absorption spectroscopy (XAS) measurements using total electron yield (TEY) and 

fluorescence yield (FLY) modes at the Co K-edge were collected at the Canadian light 

source (CLS). 

7.2.4 Theoretical method 

All first principles calculations were performed using the Vienna Ab-initio Simulation 

Package (VASP) code32-34. The generalized gradient approximation (GGA) realized by the 

Perdew-Burke-Ernzerhof function (PBE) was adopted considering the electron exchange 

and correlation.35 The Projected augmented wave (PAW)33,34 was used to solve the electron 

orbitals and ground states. In view of the van der Waals interactions between the adsorption 

species and the substrate, the DFTD3 method with Becke-Jonson damping36 was set in this 

study. The calculations of LiCoO2(001) surface and adsorption configurations were solved 

with a 400eV energy cut off, a 3×3×1 K-point sample37 and an iteration convergence of 10-

5 eV in energy and 0.02 eV/Å in force. Due to the larger explosion of (001) in LiCoO2 

nanoflakes in this experiment and the high surface thermodynamic stability from 

theoretical evaluation38-40 LiCoO2(001) was chosen in this study and was built using a 

5×5×1 super cell with a unit cell of bulk structure: a=b=2.81 Å and c=14.05 Å. The surface 



148 

 

was built containing a 20 Å vacuum layer with a=b=14.05. The adsorption energy was 

calculated using the following equation:  

2 (00  1 /)ads Adsorption structure LiCo PolymO er monomer dimerE E E E= − −  (1) 

Where EPolymer monomer/dimer and ELiCoO2(001) are the total energy of the chosen polymer, 

monomer or dimer or pure LiCoO2(001) surface. The Eadsorption structure structure is the total 

energy of the whole structure of the polymer, monomer or dimer adsorbed on the 

LiCoO2(001) surface. The structure of these two adsorption species was fully optimized in 

a 15Å×15Å×15Å vacuum unit cell, as shown in Figure SI10(a) and (b). For the PEO 

dipolymer, the C-O and C-H bond lengths are 1.42 Å and 1.11 Å. The length of the Na-O 

bonds in the CMC is 2.19 Å. For the surface of LiCoO2(001), every Li atom locates 

between three adjacent O atoms at a distance of 1.89 Å. The Co-O bond length is about 

2.05 Å. In this study, one layer of LiCoO2 is used to build the surface to improve the 

calculation efficiency. The stoichiometric ratio does not conform with the bulk LiCoO2, 

but due to the distance between the adsorbed species and the lower atoms in the substrate, 

the interactions remain mainly within the upper layer. 

7.3 Results and discussion 

LiCoO2 (LCO) electrodes with different binders were all prepared by a traditional slurry 

doctor blade method with an active material, binder and acetylene black (AB) ratio of 8:1:1 

by weight. The cycle life of these ASSPBs was evaluated by galvanostatic charge-

discharge cycling at 60 oC. The results are presented in Figure 7.1. The initial discharge 

capacity delivered by PEO-LCO is 135.3 mAh/g at 0. 1 C, slightly higher than the 134.4 

mAh/g, 130.9 mAh/g and 131.8 mAh/g delivered by PVDF-LCO, Na-alginate-LCO and 

CMC-LCO, respectively. The discharge capacity delivered by these ASSPBs is 

comparable to that obtained from liquid-based LCO batteries (Figure S7.8), and the 

cycling performance of liquid-based LCO batteries is observed to be quite stable. Figure 

7.1a,b shows the charge/discharge profiles for these ASSPBs with PEO and CRP (CMC) 

as the binders at different charge/discharge cycles (from 3 - 100). For PEO-LCO, a 

significant decrease in the charge/discharge capacity and an obvious increase in the 

overpotential in later cycles is observed.  
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Figure 7.1 Electrochemical performance of ASSPBs. The charge/discharge voltage 

profiles of (a) PEO-LCO, (b) CMC-LCO within the first 100 cycles. (c) The average 

coulombic efficiency of ASSPBs with different binders after 1000 cycles. (d) Cycle 

performance of ASSPBs with different binders. (e) Capacity retention of ASSPBs with 

PEO and CMC as the binders after 1000 cycles. Capacity retention is calculated as a 

percentage of the capacity over the third cycle discharge capacity. (DC: Discharge 

Capacity, CE: Coulombic Efficiency) All batteries were tested at 60 oC with a voltage cut 

off of 2.7 - 4.2 V, and a current density of 0.1 C for the first two cycles and 0.4 C for the 

remainder of the cycling. 

However, for CMC-LCO, no decrease in the charge/discharge capacity or increase in the 

overpotential is observed, indicating that the ASSPBs fabricated with CMC binder are 

more stable than those fabricated with PEO binder. As shown in Figure 7.1e,f, after 300 

cycles, 40.1 % capacity is retained with the PEO-LCO ASSPB, 46 % with the PVDF-LCO 
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ASSPB, and 85% with the CMC-LCO ASSPB. After 1000 cycles, the capacity retention 

of PEO-LCO batteries is only 6.7 %, while 59.7 % capacity remains for the CMC-LCO 

ASSPB. Compared to CMC-LCO, similar performance was achieved for Na-alginate-LCO 

ASSPBs, clearly demonstrating the improved electrochemical performances of CRPs 

binder-based LCO ASSPBs. The initial and average Coulombic efficiency of these 

ASSPBs after 1000 cycles is compared in Figure SI9 and Figure 7.1c respectively. After 

1000 charge/discharge cycles, the average Coulombic efficiency for PEO-LCO, PVDF-

LCO (700 cycles), Na-alginate-LCO, and CMC-LCO is 98.0 %, 99.1 %, 99.6 % and 99.6 

% respectively. The lower average coulombic efficiency of PEO-LCO and PVDF-LCO 

indicates significant decomposition of the binders or PEO-based SPE in these ASSPBs 

systems and less decomposition in ASSPBs with CRP binders. The charge voltage up to 

4.3 V were also investigated and similar performance enhancement with Na-alginate and 

CMC binders is also observed (Figure S7.10).  

To investigate the underlying mechanism responsible for the performance enhancement 

associated with different binders in ASSPBs, CV, X-ray photoelectron spectroscopy 

(XPS), synchrotron-based soft X-ray absorption spectroscopy (XAS)and the density 

functional theory (DFT) calculation were performance to characterize the electrochemical 

properties of CRP binders and PEO, PVDF binder and the interfacial properties between 

LiCoO2 and different binders. 

The electrochemical stabilities of PEO, PVDF, Na-alginate and CMC were evaluated and 

compared using CV method. The results are shown in Figure S7.12. The cell contains 

lithium metal anode as the counter electrode, PEO-based SPE as the lithium ion conductor 

and separator, and 70 wt.% binder + 30 wt.% AB composite electrode as the working 

electrode. CV were conducted at 60 oC with 0.2 mV/s scan rate, scanning from OCV to 4.3 

V and then back to 3 V. A outstanding CV anodic current intensity from PEO binder cell 

compared to the PVDF, Na-alginate and CMC cells means a significant decomposition of 

PEO binder may happen if the cell was charged to over 4 V. PVDF binder also shows a 

very high anodic current intensity compared to CRP binders. The electrochemical 

decomposition process is not reversible since not a corresponding cathodic peak in CV cure 

is observed, which means the decomposition reaction is irreversible and the decomposed 
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products will accumulate, resulting in thicker CEI layer in electrode/SPE interface, which 

is detrimental to the ASSPBs’ performance. The trend of CV anodic current intensity for 

different binders is consistent with the long cycling performance shown in Figure 7.1d, 

which means the decomposition of binder is the key reason for the performance fading in 

4 V class ASSPBs. A stable binder can help to achieve a high performance and long cycling 

life 4 V class ASSPB. 

XAS at the O K-edge was performed for studying the chemical state of LCO electrodes 

with different binders and the results are shown in Figure 7.2. Spectra were collected with 

two detection modes, total electron yield (TEY) and fluorescence yield (FLY). TEY mode 

collected information to a depth of a few nanometers (2 - 10 nm) from the sample surface 

while FLY is more bulk sensitive, collecting information deeper (over 100 nm) into the 

sample.41 For TEY information (Figure 7.2a), the spectrum of PEO-LCO is almost the 

same to that of pristine LCO. However, For CRP binders, quietly different spectra are 

illustrated, where the strong peaks related to oxygen in C-O and C=O structure are 

outstanding.42,43 This feature of spectra indicates there are CRP binders cover the surfaces 

of LCO electrode. For FLY information (Figure 7.2b), all the spectra present similar 

structure to that of pristine LCO, but a minor shoulder at 535.5 eV corresponding to C-O 

arise for PEO-LCO, CMC-LCO and Na-alginate-LCO. There is also a shoulder 

corresponding to C=O arise for CRP binders based LCO electrodes. The morphologies of 

these electrodes are characterized by SEM. PEO-LCO (Figure 7.2c) shows very loose and 

porous structure. The surface of the top LCO particles is clear with few carbon particles 

adhesive, which indicate PEO binder just randomly/linearly binds the particles together. 

However, for CMC-LCO and Na-alginate-LCO, the morphologies of these electrodes seem 

less porous. These binders can disperse the particles and strongly stick the carbon and LCO 

particles together (Figure 7.2d,e). The SEM images are consistent well with the TEY O 

K-edge results and discussion. The binding effect for PEO and CRPs binders is then 

schematically illustrated in Figure 7.2f and Figure 7.2g. It is suggested that the CRPs 

binders can not only strongly stick the carbon and LCO particles together for maintaining 

the structure stability of electrodes, but also work as a coating like material to avoid the 

detrimental effects of electronic conductive carbon in accelerating the decomposition of 
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PEO-based SPE at high voltage, therefore, rendering a ultra-stable high performance 4 V 

class ASSPB. 

 

Figure 7.2 (a) O K-edge XAS at TEY mode and (b) FLY mode for different LCO electrode 

samples. SEM images for (c) PEO-LCO, (d) CMC-LCO and (e) Na-alginate-LCO 

electrode. (f) Schematic diagrams for the binding capability of PEO (f) and CRP binders 

(g). 

The interfacial preparties between LCO electrodes and PEO-based SPE were investigated 

by XPS and XAS. The C1s and O1s XPS results at LCO electrodes surfaces are shown in 

Figure 7.3a-d. Before and after cycling, PEO-LCO have similar XPS C1s spectrum, which 

were fitted to C-C (~284.7 eV), R-C-O(∼285.9 eV), R-C=O (∼287.2eV), O-C=O 
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(∼288.9eV).44-46 The C-C peak at 284.5 eV can be assigned to the conductive carbon AB. 

The R-C-O peak can be assigned to PEO binder in PEO-LCO electrode before cycling, 

since the PEO molecular structure consists of HO-[CH2-CH2-O]n-H molecular fragments. 

However, the XPS spectrum intensity at R-C-O peak decreases significantly after cycling 

for the PEO-LCO electrode. The R-C=O peak in PEO-LCO electrode before cycling could 

come from the defects of the conductive carbon. However, this peak’s intensity increases 

significantly after cycling. The intensity at another peak of O-C=O is also increased after 

cycling. This is because the decomposition products of PEO containing R-C=O and O-

C=O,47,48 the increase of intensities at R-C=O and O-C=O peaks after cycling for PEO-

LCO electrode means the decomposed products of PEO are detected, which is supported 

by the O 1s results (Figure 7.3c) where the O-C=O peak intensity increases obviously after 

cycling in PEO-LCO. ROLi is also detected by O1s in PEO-LCO both before and after 

cycling. The formation of ROLi may arise from the interaction between PEO and LiCoO2 

during electrode making process. This peak increased in intensity after cycling, which 

means the decomposition of PEO results in Li-containing products such as LiOH or other 

RO-Li-type polymeric-organic species.46 All these results indicate serious decomposition 

of PEO at the interface of the PEO-LCO electrode and SPE, resulting in an unstable 

cathodic electrolyte interphase (CEI). 

XPS C1s and O1s results of CMC-LCO electrodes before and after cycling are shown in 

Figure 7.3b, d. Similar peak-assignments were used for fitting the spectra as detailed 

before. For C1s of CMC-LCO electrode before cycling, the R-C-O, R-C=O, O-C=O peaks 

arise from the defect of AB and CMC binder. Moreover, the R-C-O peak increases greatly 

after cycling, which is possibly because of the residue of PEO-based SPE on the electrode 

surface (after the electrode is peeled off from the SPB). The R-C-O peak in O1s spectrum 

is also increased, which is consistent with the C1s result. No increase in R-C=O, O-C=O 

peaks are observed in both C1s and O1s results after cycling, which suggests better stability 

between the SPE and the binder at high potentials. Minor ROLi peak arises in the CMC-

LCO electrode after cycling is possibly due to the interaction between PEO-based SPE and 

LiCoO2. Not/less decomposed products of PEO-based SPE at the CMC-LCO electrode 

surface was detected, which could be due to the reason that CRPs binders work as a coating 
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like materials to eliminate the detrimental effect of carbon in accelerating the 

electrochemical decomposition of PEO-based SPE. 

 

Figure 7.3 XPS results of C1s from (a) PEO-LCO electrode surface and (b) CMC-LCO 

electrode surface before and after cycling in SPB for 5 cycling (discharge state); XPS 

results of O1s from (a) PEO-LCO electrode surface and (b) CMC-LCO electrode surface 

before and after cycling in SPB for 5 cycling (discharge state). 

XAS at the Co L-edge was conducted to study the variation in surface chemical properties 

of LCO before and after charging. The results are presented in Figure 4. The Co L3,2 edge 

XAS spectrum (Figure 7.4) consists of two main peaks corresponding to the transitions of 

Co 2p3/2 and 2p1/2 to unoccupied 3d states, respectively.49 The TEY measurements of both 

the PEO-LCO and CMC-LCO electrodes exhibit similar Co L edge features compared to 
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that of pristine LCO particles. The Co L edge XAS spectrum of pristine LCO particles 

confirms the oxidation state of Co is 3+, as expected.50 However, an obvious difference is 

detected at the low energy shoulder (778.5 eV) of the L3 peak for PEO-LCO and CMC-

LCO compared to pristine LCO. The increase in the shoulder peak intensity means a 

decrease in the unoccupied high-energy Co 3d state, indicating that Co is reduced.51-53 In 

Figure 7.4a, both the PEO-LCO and CMC-LCO electrodes have a higher L3 lower energy 

shoulder compared to that of a pristine LCO particle. This is possibly due to the 

interaction/reaction between the PEO or CMC binder with the LCO surface, resulting in 

the reduction of surficial Co, similar to how liquid electrolytes react with LCO.54,55 

However, after cycling, the L3 lower energy shoulder intensity increases significantly for 

PEO-LCO, indicating that surficial reduction of the LCO by PEO is propagating during the 

charge/discharge process, leading to an unstable PEO/LCO interface. In contrast, after 

cycling, the L3 lower energy shoulder of the CMC-LCO electrode decreases in intensity, 

indicating that the surface interaction/reaction between the LCO and CMC binder is 

reversible. This result illustrates that CMC-LCO has a more stable CEI than a PEO-LCO 

electrode in ASSPBs. From the FLY measurements (Figure 7.4b), no obvious difference 

was found in the Co XAS spectra, which suggests the reactions are isolated to the near-

surface regions and the bulk of the LCO is unaffected by these parasitic side reactions. 

 

Figure 7.4 Synchrotron-based XAS of the Co L-edge at discharge state with (a) TEY 

detection and (b) FLY detection for LCO particles, PEO-LCO electrodes and CMC-LCO 

electrodes before and after 5 cycles at full discharge state. 
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To determine the atomic mechanism behind the improved performance of CPRs binders 

over PEO and PVDF binders, the interface properties between binders and LiCoO2 were 

further investigated by density functional theory (DFT). The details of the DFT study are 

listed in the supporting information. The adsorption energy and the structure of the binders 

adsorbed on the surface of LiCoO2 (001) are shown in Figure 7.5c-f. For the CMC 

monomer and Na-alginate, the adsorption energies of -68.26 and -77.85 kcal/mol 

respectively, are computed to be much larger than the same amount of PEO and PVDF 

dipolymers (Figure 7.5a). Although the CMC and Na-alginate show much larger 

adsorption energies, their molar mass varies greatly. We therefore normalized the 

adsorption energy. The normalized adsorption energy (kcal/g) comparison is shown in 

Figure 7.5b, also demonstrating that the CMC and Na-alginate have stronger chemical 

interactions with the LiCoO2 (001) surface compared to PEO and PVDF. The charge 

density difference (CDD) configurations of PEO and CMC adsorption are shown in Figure 

S7.14. Electron accumulation is found to occur between the carboxyl Na atom in CMC and 

the LCO surface. At the same time, the O atoms in PEO and CMC show electron 

accumulation around them, but to a lower degree than around carboxyl Na atom. The total 

density of states of the entire structures and the partial density of states of the adsorbed 

PEO and CMC are shown in Figure S7.15. The states from -17.5 eV to -7.5 eV are mainly 

from the adsorbed species, with a small contribution from the surface, indicating orbital 

overlapping in this energy range. The DFT simulation results suggest that stronger 

chemical interactions exist between the surface and CRPs binders, demonstrating better 

stability of CRPs binders in 4 V class ASSPBs compared to PEO and PVDF. These results 

are well consistent with the O K-edge XAS results in Figure 7.2 and cycling performance 

results in Figure 7.1. 
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Figure 7.5 (a) Adsorption energy comparison with the same molar quantity and (b) mass 

quantity (g). Optimized geometric structure and adsorption energy comparison (c) PEO 

dipolymer, (d) PVDF (dipolymer), (e) CMC monomer and (f) Sodium alginate monomer 

on LiCoO2 (001). 

7.4 Conclusion 

Overall, we show that the alternation of binders can dramatically improve the cycling 

stability of PEO based ASSPBs. To demonstrate, four different binders including PEO, 

PVDF, and CRP binders (including Na-alginate and CMC) have been studied for the 

applications in 4 V class ASSPBs with LCO cathodes, lithium metal anodes and PEO-

based SPEs. Results show that carboxyl-rich polymers are better binders for high 

performance and long cycle life. Mechanism studies indicate that PEO binders are highly 

reactive and electrochemically decomposed at high voltage, while CRP are more stable in 
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the same operating window. The strong chemical interactions between CRP and the LCO 

make these binders can not only strongly bind the carbon and LCO particles together for 

maintaining the structure stability of electrodes, but also work as a coating like material to 

avoid the detrimental effects of electronic conductive carbon for accelerating the 

decomposition of PEO-based SPE. Therefore, CRP binders can dramatically improve the 

performance of 4 V class ASSPBs. This study provides new insight for developing high-

performance, long cycle life, 4V class solid polymer batteries, paving the way for high 

energy density SSBs for electric vehicle applications. 
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Supporting information 

 

 

Figure S7.1 (a) SEM image of PEO-LCO electrode surface, and its corresponding element 

mapping of (b) O, (c) Co, (d) C and (e) EDX spectra. 
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Figure S7.2 (a) SEM image of the PVDF-LCO electrode surface, and its corresponding 

element mapping of (b) O, (c) F, (d) Co, (e) C and (e) EDX spectra. 

 

 

Figure S7.3 (a) SEM image of Na-LCO electrode surface, and its corresponding element 

mapping of (b) O, (c) Na, (d) Co, (e) C and (e) EDX spectra. 

 

 

Figure S7.4 (a) SEM image of CMC-LCO electrode surface, and its corresponding element 

mapping of (b) O, (c) Na, (d) Co, (e) C and (e) EDX spectra. 
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All binders have very good dispersion capacities for slurries with LCO particles and AB 

particles. Energy-dispersive X-ray spectroscopy (EDX) mapping was conducted to 

characterize the electrodes with different binders. EDX mapping shows that PEO-LCO has 

C, O, Al, Co (Figure S7.1), PVDF-LCO has C, O, F, Al, Co (Figure S7.2), and both Na-

alginate-LCO and CMC-LCO have C, O, Al, Na, Co (Figure S7.3 and Figure S7.4). The 

Al signal is a result of the carbon-coated aluminum current collector. 

 

Figure S7.5 The Raman spectrum of LCO powder, PEO-LCO, PVDF-LCO, Na-alginate-

LCO, CMC-LCO. 

The Raman spectra for these electrodes are shown in Figure SI7.5. All the electrodes have 

prominent Raman peaks associated with LiCoO2 at 485 cm-1, 595 cm-1 and 1175 cm-1. The 

peaks at 1350 cm-1, 1590 cm-1 and 2690cm-1 correspond to carbon (AB).  
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Figure S7.6 The Raman spectrum of LCO powder, PEO-LCO, PVDF-LCO, Na-alginate-

LCO, CMC-LCO. 

X-ray diffraction (XRD) was conducted to characterize the phase structure of these 

electrodes. All electrodes show XRD patterns almost identical to the LiCoO2 powder 

pattern. No additional peaks attributable to impurities were found, indicating all binders 

and solvents are stable toward LCO powder. 
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Figure S7.7 Cyclic voltammetry of solid polymer batteries with different binders (a) PEO 

binder, (b) PVDF binder, (c) sodium alginate, (d) sodium carboxymethyl cellulose. 

ASSPBs with LCO cathodes using different binders were assembled with PEO-based SPE 

and lithium metal as the anode. Electrochemical performance testing was conducted at 60 

oC. Cyclic voltammetry (CV) results for these ASSPBs are shown in Figure S7.7. All 

ASSPBs show similar CV behavior, with an anodic peak corresponding to the Li+ 

extraction from LCO, and a cathodic peak that attributed to the Li+ insertion process into 

LCO. These redox pairs are the result of the conversion between Co3+ and Co4+ for the 

first-order phase transformation between two hexagonal phases of LCO.  
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Figure S7.8 Cycling performance of liquid based LiCoO2 batteries at room temperature 

with a voltage cut off of 2.7 – 4.2 V. 

 

 

Figure S7.9 (a) Initial coulombic efficiency of ASSPBs with different binders 
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Figure S7.10 Cycling performance of solid polymer batteries with different binders. (DC: 

Discharge Capacity, CE: Coulombic Efficiency) All batteries tested at 60 oC with a voltage 

cut off of 2.7- 4.3 V at 0.4 C current density.  

 

Figure S7.11 Cycling performance of liquid based LiCoO2 batteries at room temperature 

with a voltage cut off of 2.7 - 4.3 V. 

 

Figure S7.12 The CV cures of Li/SPE/binder+AB cells. CV were conducted from OCV to 

4.3 V vs. Li/Li+ and then back to 3 V at 60 oC. 
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Table SI1. Summary of adsorption energy with the same molar quantity; and the same 

mass quantity 

Adsorption species Eads (kcal/mol) Eads (kcal/g) 

PVDF (dipolymer) –13.69 –0.11 

PEO (dipolymer) –17.85 –0.20 

Sodium alginate (monomer) –77.85 –0.36 

CMC-Na (monomer) –68.26 –0.26 

 

 

Figure S7.13 Geometric structure of several adsorption species on a LiCoO2 (001) surface, 

(a) PEO dipolymer; (b) PVDF (dipolymer); (c) CMC monomer; (d) Na-alginate monomer; 

(e) LiCoO2 (001) surface (front view) and (f) LiCoO2 (001) surface (top view) 
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Figure S7.14 Charge density difference (CDD) of the structure after adsorption, (a) PEO 

(dipolymer) adsorption, (b) CMC monomer (G unit) adsorption (the isosurface is 0.002 

eÅ–3) 

 

Figure S7.15 Total density of states (TDOS) and partial density of states (PDOS) of the 

structure after adsorption, (a) PEO (dipolymer) adsorption, (b) CMC monomer (G unit) 

adsorption 
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Chapter 8  

8 In-situ synthesis of Li3InCl6 halide solid-state electrolyte 
for addressing interfacial challenge in LiCoO2/garnet 
solid-state batteries 

In previous chapters, ASSLIBs with SPEs were studied. However, SPEs suffer from low 

ionic conductivity and low electrochemical oxidation window problems, which limit their 

wide application in ASSLIBs. Compared to SPEs, oxide-based SSEs have higher oxidation 

window and higher ionic conductivity. In the next two chapters, SSBs with oxide ceramic 

solid-state electrolytes, which have high ion conductivities at RT and a high 

electrochemical oxidation window will be studied.  

However, due to their rigid properties, oxide-based SSEs have poor capacity to maintain 

intimate contact with powder electrode materials. To address this challenge, Li3BO3 as a 

co-sintering assistance, is the most popular material for building all ceramic batteries. 

However, Li3BO3 has lower ionic conductivity and a high melting point, which limit the 

release capacity and the loading of active materials. In this study, in-situ synthesis of 

Li3InCl6 halide SSE, which has ionic conductivity over 10-3 S/cm, at the oxide-based garnet 

SSE and LiCoO2 interface, was achieved by solution synthesis method. The solution 

method helps Li3InCl6 uniformly distribute at the garnet SSE and LiCoO2 interface, 

resulting in a continuous Li+ ion channel within the thick electrode. Therefore, with such a 

Li3InCl6-LiCoO2 composite cathode, ASSLIBs with garnet SSEs can operate at 0.1 C, with 

a discharge capacity of 129.2 mAh/g, which is comparable to that of liquid organic 

electrolyte-based LIBs. This study provides a new approach to build ASSLIBs with garnet 

oxide SSEs, paving the way for developing high energy density and safe ASSLIBs for 

practical application. 

 

 

J. Liang,# Jing Luo,# Weihan Li, Junjie Li, Jiamin Fu, Liam Israels, Jianwen Liang, Qian 

Sun, Ruying Li, Shangqian Zhao, Li Zhang, Shigang Lu, Huan Huang, and Xueliang Sun* 
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8.1 Introduction 

Lithium ion batteries (LIBs) with liquid organic electrolytes are potentially unsafe due to 

the flammability of the liquid organic electrolyte. Therefore, developing all-solid-state 

lithium ion batteries (ASSLIBs) with an inorganic solid-state electrolyte (SSE) have been 

considered as the ultimate solution for addressing the safety issue of LIBs. To obtain high 

performance ASSLIBs, many types of inorganic SSEs have been developed, including 

sulfide-based SSEs,1-3 oxide-based SSEs4,5 and halide-based SSEs,6-8 etc. Sulfide-based 

SSEs, such as Li10GeP2S12 (LGPS) and Li6PS5Cl (LPSC), have received plenty of research 

attention in ASSLIBs due to their high ionic conductivity at room temperature (RT) and 

relatively soft mechanical property, which enable them to achieve good contact with 

electrodes. Unfortunately, sulfide-based SSEs are unstable to moisture,9,10 and they have a 

narrow electrochemical stability window,11,12 which make them incompatible with cathode 

materials and lithium metal anodes, seriously limiting the energy density of ASSLIBs. 

Halide-based SSEs also have high ionic conductivity at RT; over 10-3 S/cm.6-8 Halide-based 

SSEs have excellent compatibility with cathode materials, which have made them attract 

more and more research interests in recent years. However, the problems including 

instability toward moisture and incompatibility with anode materials still seriously limit 

their wide application in ASSLIBs.6-8 

Oxide-based SSEs, such as garnet type SSE Li7La3Zr2O12 (LLZO) and its derivatives with 

Ta and Al doping, attracted increasing attention due to its higher air stability and 

electrochemical stability, as well as high ionic conductivity at RT.13 It has excellent 

compatibility with lithium metal anodes.11 However, the mismatch problem between 

electrode and SSE is still the main challenge for oxide-based SSEs. To tackle the mismatch 

problem, several strategies have been developed. For LLZO and lithium metal anode 

interface, melting lithium metal on the surface of LLZO and then solidifying lithium metal 

is the most popular way to address the interfacial mismatch problem.14 Melted lithium has 

good fluidity that can fill the uneven surface of the SSE. However, LLZO SSEs may behave 

‘lithiumphobically’, still leading to poor contact.14 To turn the ‘lithiumphobic’ surface of 

LLZO to a ‘lithiumphilic’ surface, coating with an ‘lithiumphilic’ material, such as Al, 

Al2O3, ZnO, Ge, Au etc. is a facile method to realize intimate contact and low interfacial 
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resistance of the LLZO/Li interface.14-18 Another opinion is that the reason why pristine 

LLZO is not ‘lithiumphobic’ is because of the formation of Li2CO3 and LiOH on the 

surface of LLZO, which behaves ‘lithiumphobically’. Therefore, by removing the Li2CO3 

and LiOH impurities of LLZO, it will behave ‘lithiumphilically’.19,20 

The LLZO/Li interface issues have been reasonably addressed by the above-mentioned 

approaches. However, the LLZO/cathode interface is still the most challenging for oxide 

based ASSLIBs. Firstly, melting strategy cannot be applied to reduce the LLZO/cathode 

interfacial resistance, since both LLZO and cathode materials have very high melting 

points. Secondly, cathode materials usually are dispersed particles with micrometer or 

nanometer size. The dispersed particles have great difficulty in achieving continuous Li+ 

ion pathways with the point to point contact property. To address the oxide-based 

SSE/cathode interface challenge and realize practical ASSLIBs, several strategies have 

been studied. Firstly, applying liquid organic electrolyte to fill the gaps between oxide-

based SSE and cathode particles to provide a continuous lithium flux.21 However, the usage 

of liquid organic electrolyte may still pose safety issues for battery application. Secondly, 

applying solid polymer electrolyte (SPE) as the buffer layer for connecting oxide-based 

SSE and cathode materials by taking the advantage of the intimate contact between 

polymer and rigid particles.22 Unfortunately, SPEs have low ionic conductivity and high 

interfacial resistance with oxide-based SSE and cathode materials at RT. Thirdly, creating 

a 3D porous SSE structure for enlarging the contact area between SSE and active materials, 

to enhance the usage percentage of active materials.23 However, the interfacial resistance 

is still too high for practical ASSLIBs. Fourthly, in-situ depositing cathode materials 

directly on the surface of the SSE to realize intimate contact.24 However, such a method 

can only deposit a thin film of cathode material, thereafter, the loading of active material 

is low. Last but not least, applying a low melting point of SSE as a co-sintering assistant to 

bridge the SSE and cathode interface. This low melting point SSE, such as Li3BO3, has 

been widely used in the fabrication of ASSLIBs.25-27 Li3BO3 is one of the most popular low 

melting point SSEs for building oxide based ASSLIBs due to its relatively low melting 

point (700 oC) and relatively high ionic conductivity at RT.28 
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However, the melting point of Li3BO3 is still high, which will possibly result in the 

elemental diffusion between cathode and SSE. Moreover, the ionic conductivity of Li3BO3 

is at the range of 10-6 - 10-5 S/cm,28 which limit the rate performance and current density 

of ASSLIBs. Therefore, most of the oxide based ASSLIBs built by Li3BO3 can only run 

below 0.05 C. In the study, in great contrast to Li3BO3, halide-based SSEs, which have low 

sintering temperature (200 oC) and high ionic conductivity (10-3 S/cm), and good 

compatibility with the cathode,6,7 are used as a co-sintering assistance for building oxide 

based ASSLIBs. ASSLIBs, with a LLZO SSE and LiCoO2 cathode, are fabricated with the 

help of in-situ formation of a Li3InCl6 halide SSE at the interface between the LLZO SSE 

and LiCoO2, by solution method. These ASSLIBs can deliver a discharge capacity of 129.2 

mAh/g, which is comparable to that of liquid organic electrolyte-based LIBs, at 0.1 C, at 

the same voltage range. Moreover, even with as high as 13 mg/cm2 active material loading, 

ASSLIBs can still operate at 0.1 C, which is a benefit from the high ionic conductivity of 

the Li3InCl6 halide SSE. The superior electrochemical performance of oxide based 

ASSLIBs demonstrates that halide SSEs are a good interfacial engineering medium for 

addressing the mismatch problem between oxide-based SSEs and cathodes. 

8.2 Experimental 

8.2.1 Preparation of LLZO solid-state electrolyte 

LLZO (Li6.4La3Zr1.4Ta0.6O12) powders were mixed with Polyvinyl alcohol (PVA) binder 

and then pressed into green pellets with 12 mm diameter and 1 mm thickness. These green 

pellets were then transferred into a Muffle furnace for sintering. The temperature was first 

set to 500 oC for 1 h to decompose the PVA binder and was then shifted to 1200 oC, at the 

rate of 1 oC/min for 6 h. LLZO SSE pellets were then obtained after the temperature cooled 

down. The obtained LLZO pellets were polished with sandpaper before they were used for 

building all-solid-state lithium ion batteries. 

8.2.2 Preparation of LIC-LCO-AB composite cathode on the 
surface of LLZO SSE. 

The LIC-LCO-AB composite cathode was prepared by dissolving 12.72 mg LiCl and 29.38 

mg InCl3*4H2O in a certain volume of water-ethanol (1:1) solution, which resulted in 34.83 
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mg of Li3InCl6. Then LCO powders and Acetylene black (AB) powders were added into 

the solution. The weight ratio of LIC:LCO:AB were set at 30: 70: 0, 30: 65:5, 30:60:10, 

30:55:15 and 40:50:10, 50:40:10 for different composite electrodes. Then, the mixture was 

dropped on the surface of the LLZO SSE by using a Pipette. The loading of LCO was 

controlled by the volume of mixture using a Pipette. After evaporating the solvent at RT, 

the samples were transferred to a high vacuum oven at 80 oC for 12 h. Then, the temperature 

was shifted to 200 oC for 5 h and then cooled down to RT. After the temperature reached 

RT, the samples were taken out and transferred into a glovebox for battery assembly. The 

loading of LCO was further confirmed by the balance before battery assembly. 

8.2.3 ASSLIB assembly 

The ASSLIBs consisting of a LLZO SSE, LIC-LCO-AB composite cathode and lithium 

metal anode were assembled in the Ar-filled glovebox. For the lithium metal/LLZO 

interface, a thin layer or PEO-based solid polymer electrolyte (SPE) or 2μl liquid organic 

electrolyte was used to reduce the interface resistance. ASSLIBs were tested at 60 oC with 

a current density of 0.1 C (1 C = 140 mAh/g) for ASSLIBs with SPE and they were tested 

at room temperature for ASSLIBs with a liquid organic electrolyte modified Li/LLZO 

interface. The voltage range was 3 - 4.2 V for all the ASSLIB testing. 

8.2.4 Material characterizations 

A Hitachi S-4800 field emission scanning electronic microscope (FE-SEM), equipped with 

energy dispersive X-ray spectroscopy (EDX), was used to characterize the morphology and 

element distribution in samples. X-ray absorption spectroscopy (XAS) measurements were 

collected at the Soft X-ray Microcharacterization Beamline (SXRMB) and Hard X-ray 

Micro-Analysis (HXMA) in the Canadian light source (CLS). Raman spectra were 

collected in Renishaw via Raman microscope; laser wavelength = 514.5 nm. XRD were 

collected in the Bruker D8 Advance Diffractometer XRD system. 

8.3 Results and discussion 

The procedures for building the ASSLIBs are illustrated in Figure 8.1. Stoichiometric 

quantities of LiCl and InCl3*4H2O were first dissolved in a certain amount of water-ethanol 
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(1:1) solvent. Then, a certain amount of LiCoO2 (LCO) powders and acetylene black (AB) 

were added into the mixture solvent. The mixture was then drawn by a Pipette, with 

controllable volume and dropped on the surface of the LLZO SSE pellet. The dropped 

mixture dispersed spontaneously on the surface of the LLZO surface. The LLZO SSEs 

with this composite cathode were then transferred into a high vacuum oven at 80 oC for 12 

h, followed by shifting the temperature to 200 oC for 5 h, to obtain Li3InCl6 (LIC). After 

that, the temperature of the oven spontaneously cooled down to RT (without shutting down 

the vacuum). The obtained LLZO SSEs with composite cathodes were transferred to 

gloveboxes for further use. By using the solution base synthesis method, a Li3InCl6 halide 

SSE is uniformly distributed on the LiCoO2 particles’ surface and bind with LLZO to build 

intimate contact. This is very helpful for building intimate contact between SSE and 

electrode and providing continuous lithium flux within the cathode electrode. Therefore, it 

is expected that such a composite cathode system (LIC-LCO-AB) can achieve high rate 

performance and high percent usage of active materials (high charge/discharge capacity). 

 

Figure 8.1 Schematic diagram shows processes of making a LIC-LCO-AB composite 

cathode at the surface of a garnet LLZO SSE surface. The acetylene black powders are 

omitted. 
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The LIC-LCO-AB composite cathode was characterized by XRD, Raman and the 

synchrotron-based hard X-ray absorption spectroscopy (XAS) at In K-edge studies. As 

shown in Figure SI8.1, XRD spectra of LIC-LCO-AB has no impurity phase formation, 

meaning there is not side-reaction between the LLZO, LCO and Li3InCl6. For the Raman 

spectra of LIC-LCO-AB (Figure SI8.2), a peak at 280 cm-1 corresponding to Li3InCl6 arise, 

which means the success of the synthesis of Li3InCl6. The successfully synthesis of 

Li3InCl6 in the LIC-LCO-AB composite cathode is further confirmed by the In K-edge 

XAS spectra (Figure SI8.3). The In K-edge XAS spectra of LIC-LCO-AB present the 

same as that of Li3InCl6.  

 

Figure 8.2 SEM images of cross-section of (a) LIC-LCO-AB composite electrode on the 

surface of LLZO at low magnitude (b) EDX spectrum of cross-section LIC-LCO-AB 

composite electrode at low magnitude (c). (d)-(h) elemental EDX mapping of O, Zr, La, 

Co, and Cl, respectively. Scale bare: 100μm for (a), 50μm for (c). 

Figure 8.2a shows the cross-section SEM image of a LLZO SSE with the LIC-LCO-AB 

composite cathode, where the composite cathode has intimate contact with the LLZO SSE. 

The insert is the photo image of the top view of a LIC-LCO-AB composite cathode on a 
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LLZO surface. EDX was conducted to study the distribution of elements. The EDX 

spectrum is shown in Figure 8.2b. The SEM image with its corresponding elemental 

distributions of O, Zr, La, Co, and Cl are presented in Figure 8.2c-h. The thickness of 

cathode is around 35 μm, as we can see from the SEM image. Co and Cl elements coming 

from LiCoO2 and Li3InCl6 respectively, are uniformly distributed on the top of the LLZO 

SSE. The uniformly distributed Li3InCl6 in the composite cathode is the key for building a 

continuous Li+ flux channel for the thick electrode. 

The influence of the content of Li3InCl6 and AB in the composite cathode were 

systematically studied. For a certain content of Li3InCl6, different contents of AB ranging 

from 0% to 15% were first studied. The initial charge/discharge capacities, shown in 

Figure SI8.4, indicate that 10% of AB can release better charge/discharge capacity 

compared to other contents of AB additive. A low content of AB (5% or 0%) cannot 

provide sufficient electronic conductivity, while a high content of AB will result in poor 

electrode bonding, due to the high surface area of AB accommodating a big amount of 

Li3InCl6. The content of Li3InCl6 at the same amount of AB (10%) was then studied. As 

shown in Figure 8.3a,b, with the increase in the content of Li3InCl6, there is a decrease in 

the overall cell resistance and an increase in the charge/discharge capacity. The over cell 

resistance, for 30% content of Li3InCl6, is around 2100 Ω; it decreases to around 1000 Ω 

with 50% content of Li3InCl6. For the released discharge capacity, it is 84.7 mAh/g for 

30% Li3InCl6, and 120.7 mAh/g for 40% Li3InCl6, increasing to 129.2 mAh/g for 50% 

Li3InCl6, which means a higher content of Li3InCl6 lead to better electrochemical 

performance. However, a higher content of Li3InCl6 sacrifices the loading of active 

materials. Therefore, 40% of Li3InCl6, 10% of AB and 50% LiCoO2, as the composite 

cathode, was used for further battery testing and studies. ASSLIBs with different loading 

of LiCoO2 was also investigated from 2 mg/cm2 to 13 mg/cm2. Their charge/discharge 

voltage-capacity profiles at 0.1 C are compared in Figure 8.3c. A discharge capacity of 

120.7 mAh/g for 2 mg/cm2 is obtained. When the loading increases to 4 mg/cm2, although 

the overpotential increase a little bit, the discharge capacity can still maintain at 116 

mAh/g. The discharge capacity of 58 mAh/g is achieved for the loading of 8 mg/cm2. If 

the loading increased to 13 mg/cm2, the delivered capacity still has 16 mAh/g at 0.1 C. 

Such a good, high loading performance of the ASSLIBs indicates Li3InCl6 halide SSE is a 
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good co-sintering medium for building lithium ion channels within the thick electrode, in 

oxide based ASSLIBs. Figure 8.3d shows the long cycling performance of ASSLIBs with 

4 mg/cm2 of active materials loading. This stable cycling performance indicates the high 

interfacial stability between the LIC-LCO-AB composite cathode and LLZO SSE. 

 

Figure 8.3 (a) EIS spectrum of ASSLIBs with 30 %, 40 % and 50 % Li3InCl6 in LCO 

composite electrode. (b) charge/discharge profiles of ASSLIBs with 30 %, 40 % and 50 % 

Li3InCl6 in LCO composite electrode at 0.1 C. (c) charge/discharge profiles of ASSLIBs 

with 40 % Li3InCl6 in LCO composite cathode with different LCO active materials loading 

at 0.1 C. (d) Cycling performance of ASSLIB with 4 mg/cm2 loading of LCO at 0.1 C. All 

the batteries were tested at 60 oC because a dry PEO-based SPE was used at the lithium 

anode side for reducing the interface resistance between the lithium and garnet SSE. 

The interfacial stability between LiCoO2 and Li3InCl6 have been comprehensively studied 

by X. Li et al.6 They concluded that the LiCoO2 and Li3InCl6 interface is quite stable. There 

is not necessary for further study the stability between LiCoO2 and Li3InCl6 in here. 

However, in this study, the interface between LLZO and Li3InCl6 also matters since 
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Li3InCl6 bridges the Li+ ion flux from LLZO to LiCoO2. Therefore, the stability of LLZO 

and Li3InCl6 is investigated by synchrotron based XAS. The results are shown in Figure 

8.4. For comprehensive studies, five samples, including pristine LLZO powders, pristine 

Li3InCl6 powders, LLZO-Li3InCl6 mixture powders, LLZO-Li3InCl6 mixture powders with 

200 oC treatment and in-situ synthesis of Li3InCl6 on the LLZO powders, are studied and 

compared. Figure 8.4a, b shows the La and Zr L3-edge XAS spectra, respectively. For La 

L3-edge XAS, the white line feature A is corresponding to the direct transition from core p 

electrons to partial empty d states, peak C results from the contributions of multiple 

scattering; the so-called shape resonances.29 For these four samples with LLZO powders, 

all La L3-edge XAS spectra exhibit almost the same feature, which mean LLZO is stable 

towards Li3InCl6, either by simply the mixing of powders or the in-situ synthesis process. 

In Zr L3-edge XAS, two identical peaks, A’ and B’ appear. Peaks A’ and B’ result from 

the transitions of 2p to eg and 2p to t2g, respectively. The peak radio A’/B’ reflects the 

difference in the compositions of 4d2/3 (4d5/2) in eg and t2g states.30 For these four samples 

with LLZO powders, all Zr L3-edge XAS spectra also exhibit the same feature, which again 

supports that LLZO is stable towards Li3InCl6. 

The stability of Li3InCl6 was studied by In L3-edge XAS and Cl K-edge XAS. For In L3-

edge XAS (Figure 8.4c), a white line at 3732 eV is the result of the transition from 2p to 

localized s state.31 Another peak at 3740 eV is possibly the result of the electronic 

transitions from 2p to unoccupied d state, or 2p to 5s electronic transition enhanced by s-d 

orbital hybridization.31 These four Li3InCl6 containing samples have similar In L3-edge 

XAS spectra. However, for these samples with 200 oC treatment, the intensity of the peaks 

at 3732 eV and 3740 eV decrease. But the spectra for these two samples behave almost the 

same, which means it is the temperature treatment that influences the change of spectra, 

not the mixing process. The in-situ synthesis Li3InCl6 with LLZO powders behaves the 

same as the LLZO-Li3InCl6 powder mixture after 200 oC treatment, which means the 

existence of LLZO powders will not influence the phase formation of in-situ synthesis 

Li3InCl6. For Cl K-edge XAS spectra, the peak at 2822.5 eV is attributed to the transitions 

from Cl 1s shell to unoccupied orbitals with localized p character. There are also another 

two peaks at 2827 and 2829 eV for Cl K-edge XAS spectra. All these Li3InCl6 containing 

samples have similar Cl K-edge XAS spectra, however, similar to the behavior of In L3-
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edge XAS, after 200 oC treatment, the intensity of the peaks at 2822.5 eV decrease, which 

again supports that the existence of LLZO powders will not influence the phase formation 

of in-situ synthesis Li3InCl6. The intensity difference might be the result of distorted 

octahedral structure with different bond angles in Li3InCl6, due to the vacancies of In or Cl 

after 200 oC treatment with the existence of LLZO powders. This is probably due to the 

interphase formation between LLZO and Li3InCl6 at 200 oC. This interphase formation 

may be helpful for enhancing the Li+ ion transportation from LLZO to Li3InCl6. 

 

Figure 8.4 Synchrotron based XAS results from five samples including pristine LLZO 

powders, pristine Li3InCl6 powders, LLZO-Li3InCl6 mixture powders, LLZO-Li3InCl6 

mixture powders with 200 oC treatment and in-situ synthesis of Li3InCl6 on the LLZO 

powders at 200 oC. (a) La L3-edge XAS spectra; (b) Zr L3-edge XAS spectra; (c) In L3-

edge XAS spectra and (d) Cl K-edge XAS spectra. 

8.4 Conclusion 

In summary, ASSLIBs with a LLZO oxide-based SSE and LiCoO2 cathode, are built by 

interfacial engineering, with an in-situ synthesis of Li3InCl6 using solution method. 
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Li3InCl6 works as an intermediate for bridging the Li+ ion channel between the LLZO 

oxide-based SSE and LiCoO2. Due to the high ionic conductivity and good distribution of 

Li3InCl6, ASSLIBs have a low interfacial resistance and they can deliver a discharge 

capacity which is comparable to that of liquid-based LIBs at 0.1 C. Moreover, the loading 

of the active materials in these ASSLIBs can reach as high as 13 mg/cm2. The synchrotron 

soft XAS studies disclose that LLZO and Li3InCl6 are stable during the synthesis process. 

There is interphase formation between LLZO and Li3InCl6, which is good for Li+ ion 

transportation at the interface, therefore rendering a high performance ASSLIB with an 

oxide-based SSE. This study provides a new strategy for addressing the interfacial 

challenge between oxide-based SSEs and cathode electrodes, paving the way for 

developing high energy density ASSLIBs for practical applications. 
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Supporting information 

 

Figure S8.1 Comparison of XRD spectra for LLZO SSE pellet, LiCoO2 powders, Li3InCl6 

powders, and the LIC-LCO-AB composite cathode.  

 

Figure S8.2 Comparison of Raman spectra for LiCoO2 powders, Li3InCl6 powders, and 

the LIC-LCO-AB composite cathode. 
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Figure S8.3 Comparison of In K-edge XAS for Li3InCl6 powders and LIC-LCO-AB 

composite cathode.  

 

Figure S8.4 The effect of AB content in the LIC-LCO-AB composite cathode for 

ASSLIBs.  
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Chapter 9  

9 Stabilization of all-solid-state Li-S batteries with a 
polymer-ceramic sandwich electrolyte by atomic layer 
deposition 

In previous chapter, ASSLIB with LiCoO2 cathode is studied. However, to obtain a higher 

energy density all-solid-state lithium batteries (ASSLBs), alternative cathode such as sulfur, 

which is abundant in the earth and cheap and who has a specific capacity of 1670 mAh/g, 

almost 10 times higher than that of LiCoO2, should be used in ASSLB. In this chapter, All-

solid-state lithium-sulfur batteries (ASSLSBs) will be studied.  

ASSLSBs are promising candidates as the power source for future electric vehicles due to 

their high energy density and superior safety properties. However, one of the major 

challenges of state-of-the-art ASSLSBs is related to the high interfacial resistance resulting 

from the instability between the solid-state electrolyte (SSE) and electrodes and/or the side 

reactions between polysulfides and SSE. Herein, we propose and demonstrate the 

significant enhancement of the cycling stability of an ASSLSB through atomic layer 

deposition interfacial engineering on the polymer/oxide ceramic/polymer sandwich-

structured SSE. The results show that as few as 10 cycles (1 nm) of ALD Al2O3 on the 

LATP can endow ASSLSBs with a discharge capacity of 823 mAh/g after 100 

charge/discharge cycles, which is almost two times higher than that of the ASSLSB without 

an ALD coating and that of a Li-S battery with a liquid-based electrolyte. Such 

improvement is attributed not only to the blocking of the polysulfide shuttling effect via 

the use of a sandwich SSE but also the significant reduction of the side reaction between 

the polysulfide and oxide ceramic SSE, which introduces high interfacial resistance and 

degrades the electrochemical performance. The protection role and mechanism of the ALD 

layer is also confirmed and revealed by XRD, SEM and XPS measurements. 

 

Note: this work has been published. 

J. Liang, Q. Sun, Y. Zhao, Y. Sun, C. Wang, W. Li, M. Li, D. Wang, X. Li, Y. Liu, K. 

Adair, R. Li, L. Zhang, R. Yang, S. Lu, H. Huang and X. Sun*, J. Mater. Chem. A, 2018, 

6, 23712-23719 
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9.1 Introduction 

Lithium-sulfur (Li-S) batteries are promising candidates for application in portable 

electronics and electric vehicles (EVs) and have received significant attention due to the 

natural abundance, low cost and environmental friendliness of sulfur. In addition, sulfur 

possesses high theoretical specific capacities and energy densities which are up to 1675 

Ah/kg and 2500 Wh/kg,1,2 respectively, i.e. a 6-fold increase in specific energy density 

over that of the LiCoO2 cathode in conventional LIBs.3 However, several critical obstacles 

have hindered conventional Li-S batteries using liquid electrolyte from achieving practical 

application. One of the major challenges is that polysulfide intermediates are soluble in 

liquid electrolyte, resulting in the polysulfide shuttle effect,4,5 which induces rapid capacity 

fading during cycling and results in low coulombic efficiency.1,6,7 Meanwhile, a liquid-

based electrolyte contains flammable and volatile solvents, leading to serious safety 

concerns. Accordingly, the development of all-solid-state Li-S batteries (ASSLSBs) is 

regarded as a potential strategy to solve these problems in Li-S batteries.7,8 The application 

of a non-flammable solid-state electrolyte (SSE) is expected to eliminate the possibilities 

of polysulfide shuttling to realize safe and long-life ASSLSBs as a desirable candidate for 

application in future EVs. 

Various choices of SSEs for ASSLSBs have previously been reported, such as 

poly(ethylene oxide) (PEO) based solid polymer electrolytes (SPEs),9,10 oxide-based 

SSEs,11 sulfide-based SSEs12-14 and sandwich-type hybrid electrolytes.15 In particular, the 

application of sandwich-type hybrid electrolytes in ASSLSBs has received significant 

attention due to their high ionic conductivity, ability to prevent lithium dendrite formation 

and good electrode wetting properties. All of the above-mentioned merits can contribute to 

improved cycling performance.16-18 

However, the development of ASSLSBs based on all-solid-state hybrid SSEs has been 

hindered due to several challenges, including: (i) low ionic conductivity at room 

temperature; (ii) instability between the SSE and electrode materials; (iii) high interfacial 

resistance. The instability between the SSE and electrodes comes from the side reactions 

between the SSE and electrode materials, resulting in degradation of the SSE and thus 

lowered ionic conductivity. For example, the reduction of Ti-containing SSEs such as 



190 

 

NASICON-type Li3-2x(Al1-xTix)2(PO4)3 (LATP) and perovskite-type Li3xLa2/3-xTiO3 

(LLTO) is observed when placed in contact with a lithium anode16,19 or other reductant 

species such as polysulfides.20 LATP is one of the most studied oxide-based SSEs that has 

already been used in quasi-solid-state Li-S batteries.20,21 However, there is a critical 

problem that needs to be addressed when using LATP in Li-S batteries, which is the 

instability of LATP against polysulfide species. Manthiram's group used SEM, XRD and 

XPS to study the reduction of LATP by polysulfides and the results indicate that 

polysulfides can deteriorate the performance of the LATP SSE, which results in 

degradation of Li-S battery performance.20 

Therefore, the protection of LATP from reduction by polysulfides is critical to build long-

life ASSLSBs. The properties of the protection layer should meet two primary 

requirements: (i) chemical stability in a reducing environment and (ii) enabling diffusion 

of Li+ ions through the protection layer. As a promising protection technique, atomic layer 

deposition (ALD) is a unique technology that can realize conformal thin film deposition 

with excellent coverage and controllable deposition thickness at the nanoscale due to the 

use of self-limiting reactions.22-24 More importantly, the deposition temperature of ALD 

can be low enough to avoid side reactions between the deposited material and the substrate. 

Accordingly, it is expected that ALD Al2O3 can be a promising candidate for LATP 

protection against polysulfide species due to its thin film nature that can allow Li+ ions to 

diffuse through and inherent chemical and electrochemical stability.25-27 

Herein, we demonstrate the successful application of ALD to create an ultrathin protective 

coating layer on LATP for ASSLSBs with a polymer/ceramic/polymer sandwich-type 

(PEO/LATP/PEO) hybrid electrolyte operating at 60 °C. Compared to the pristine 

PEO/bare-LATP/PEO (PLP) SSE, the PEO/ALD-coated LATP/PEO (ALD-PLP) SSE 

presents significantly enhanced cycling performance. The results show that as few as 10 

cycles of ALD Al2O3 coating on the LATP can endow ASSLSBs with discharge capacities 

of 1035 mAh/g at the initial cycle and 823 mAh/g after 100 charge/discharge cycles, which 

is almost two times higher than that of the ASSLSB without ALD coating. The improved 

electrochemical performance is attributed to the protection of LATP by ALD Al2O3. FE-

SEM studies show that bare LATP is pulverized after long-term cycling, due to the 
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reduction of LATP by polysulfide, whereas with ALD coating, the LATP stability is greatly 

improved. XRD and XPS studies indicate that ALD coating can effectively prevent the 

reduction of Ti in LATP by polysulfides. This investigation discloses a new avenue to 

tackle the instability problem between the SSE and electrodes for the development of all-

solid-state lithium batteries. 

9.2 Experimental 

9.2.1 Preparation of NASICON-type solid-state electrolyte LATP 
for ALD coating 

NASICON-type SSE Li1.4Al0.4Ti1.6(PO4)3 (LATP) was synthesized by a solid-state reaction 

method.28 Stoichiometric amounts of Li2CO3, Al2O3, TiO2, and NH4H2PO4 were first 

mixed using a ball milling method at 300 rpm for 5 h in a zirconia vessel with zirconia 

balls. Then the mixed powders were calcined at 700 °C for 2 h. The obtained powders were 

ground with polyvinyl alcohol (PVA) as the binder before being pressed into 12 mm 

diameter pellets at 250 MPa. The as-pressed pellets were calcined at 900 °C for 6 h. The 

obtained LATP SSE pellets were polished using sandpaper down to a thickness of 500 ± 

30 μm. The polished LATP pellets were coated with an Al2O3 layer by atomic layer 

deposition (ALD). Then one surface of this ALD coated LATP was polished again to 

remove the ALD coating. LATP with one ALD coated surface was assembled into 

ASSLSB with the ALD coated surface toward the sulfur cathode. Different thicknesses of 

ALD Al2O3 were directly coated on the surfaces of LATP pellets in an ALD reactor 

(Gemstar-8 ALD system) by controlling the ALD cycle number. Trimethylaluminum 

(TMA) and water (H2O) were used as the precursors and the deposition temperature was 

set as 120 °C. The growth rate of ALD Al2O3 at 120 °C is 0.1 nm per cycle.29,30 

9.2.2 Preparation of the sulfur electrode 

Commercial carbon black (Ketjenblack EC-600, US) and sulfur powder (99.5%, Sigma-

Aldrich) were dried at 70 °C overnight in a vacuum oven. Then carbon black and a certain 

amount of sulfur were mixed together and transferred to a sealed steel reactor. The reactor 

was heated at 150 °C for 10 h and then at 300 °C for 3 h. The obtained carbon-sulfur 

composites (C-S) maintained a 65 wt% sulfur loading (Figure S9.1). The electrodes were 
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prepared by slurry casting on carbon-coated aluminum foil. The slurry mass ratio of C-S 

composites, acetylene black, and polyvinylidene fluoride (PVDF) is 8:1:1. The as-prepared 

electrodes were finally dried at 60 °C overnight in a vacuum oven. The final loading of 

sulfur in the cathode electrode is 0.6 - 1 mg/cm2. 

9.2.3 Preparation of fully reduced-LATP 

Fully reduced LATP was prepared by soaking pristine LATP pellets in a polysulfide 

solution containing 1 M Li2S6 for 1 week. The reduced LATP was used for XRD and XPS 

study. 

9.2.4 Electrochemical characterization 

PEO-based SPE membranes were cut into a circular shape for electrochemical impedance 

spectroscopy (EIS) testing using stainless steel as the blocking electrode. For the EIS 

testing of LATP SSE pellets, a layer of gold was deposited on the surface of pellets using 

sputtering and used as blocking electrodes. The stainless steel was also applied in the EIS 

testing of the PEO/LATP/PEO (PLP) sandwich-type hybrid electrolyte because PEO-based 

SPE has good contact ability with stainless steel and LATP. EIS was performed on the 

versatile multichannel potentiostat 3/Z (VMP3) by applying an AC voltage of 10 mV 

amplitude in the 500 kHz to 0.01 Hz frequency range. The EIS of the PEO-based SPE and 

PLP sandwich-type hybrid electrolyte were measured using stainless steel as the blocking 

electrode and the electrolytes were preheated to 80 °C for over 2 h before measurement. 

CR-2032 type coin cells were assembled in an argon-filled glovebox. The first type of coin 

cells consisted of a C-S cathode, commercial liquid electrolyte (containing 1 M LiTFSI salt 

dissolved in dioxolane (DOL) : dimethoxyethane (DME) of a 1: 1 volume ratio and LiNO3 

as an additive), and lithium metal anode. The second type of coin cells consisted of a C-S 

cathode, PEO-based SPE, and lithium metal anode. The third type of coin cells consisted 

of a C-S cathode, PLP (or ALD-LATP) sandwich-type hybrid electrolyte, and lithium 

metal anode. A detailed illustration of the battery configurations is presented in Figure 

S9.2. Cyclic voltammograms were collected on a versatile multichannel potentiostat 3/Z 

(VMP3) at a scan rate of 0.1 mV/s between 1.5 V and 3.0 V (vs. Li/Li+) for the liquid 

electrolyte Li-S battery and 1.0-3.0 V for the all solid-state Li-S battery. All of the batteries 
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were tested by holding at 60 °C after assembling for 24 h. Charge/discharge characteristics 

were galvanostatically tested in the range of 1.5-3.0 V for the liquid electrolyte Li-S battery 

and 1.0-3.0 V for the all solid-state Li-S battery at 60 °C using LAND Battery Test 

equipment with a current density of 0.1C. 

9.2.5 Physical characterization 

The morphologies of the samples were characterized using a Hitachi S-4800 field emission 

scanning electron microscope (FE-SEM) equipped with energy dispersive spectroscopy 

(EDS). Thermogravimetric analysis (TGA) was carried out in a nitrogen atmosphere from 

room temperature to 700 °C at a heating rate of 10 °C/min on a SDT Q600 (TA 

Instruments). Phase analysis was performed by X-ray diffraction (XRD) (Bruker D8 

Advance, Cu Kα X-ray source). X-ray photoelectron spectroscopy was conducted on a 

Kratos AXIS Ultra Spectrometer system. High energy X-ray photoelectron spectroscopy 

(HEXPS) measurements at Ti 1s were performed at the Soft X-Ray Microcharacterization 

Beamline (SXRMB) at the Canadian Light Source (CLS) located at the University of 

Saskatoon, Saskatoon, Canada. The photon energy used for HEXPS is 8 keV with a probing 

depth of around 4 nm. 

9.3 Results and discussion 

SSE LATP was prepared by a solid-state reaction method,28 and the surface modification 

was carried out by depositing ALD Al2O3 onto LATP pellets before ASSLSB assembly 

(Figure 9.1 shows the schematic diagram of a LATP pellet, an ALD coated LATP pellet 

and the configurations of ASSLSBs). One of the surfaces of the LATP pellet (facing anode) 

was polished after the ALD process to remove the ALD coating. The phase of LATP after 

ALD coating was evaluated by XRD (Figure 9.1b), where the results clearly indicate that 

there are no impurities introduced by the ALD process. On the other hand, the PEO-based 

SPE was prepared by a solution casting method.31 The sandwich type 

polymer/ceramic/polymer SSE is assembled by stacking PEO, a LATP pellet, and another 

layer of PEO. The detailed configurations of the ASSLSBs are presented in Figure 9.1a. 
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Figure 9.1 (a) A schematic diagram showing the preparation of an ALD coated LATP SSE 

and the configuration of ASSLSBs. (b) XRD patterns of LATP with different numbers of 

ALD coating cycles. (c) Temperature dependent ionic conductivity of the PEO-based SPE 

and PLP sandwich-type hybrid electrolyte. 

The ionic conductivities of the PEO-based SPE and PLP SSE were evaluated by 

electrochemical impedance spectroscopy (EIS). Temperature dependent ionic 

conductivities of different SSEs are illustrated in Figure 9.1c. PEO-based SPE has a low 

ionic conductivity on the order of ∼10-8 S/cm at room temperature (RT), which is similar 

to a previously reported result.31 At an elevated temperature of ∼60 °C, the ionic 

conductivity increases to the order of 10-4 S/cm. The ionic conductivity of the PLP SSE is 

higher than that of the SPE, which is 4.8×10-4 S/cm at 60 °C, due to the existence of the 

LATP ceramic SSE. 

Cyclic voltammetry (CV) measurements have been conducted to analyze the 

electrochemical reaction mechanism of the ASSLSBs with the PEO-based SPE and PLP 

with or without ALD modification at 60 °C. Figure 9.2a-c illustrate the CV curves of Li-

S batteries with the PEO-based SPE, PLP and ALD-PLP SSEs. A conventional Li-S battery 

with commercialized ether-based liquid electrolyte was also assembled using the same S/C 

cathode to make a fair comparison (Figure S9.8). For the liquid-based Li-S battery, two 

well defined cathodic peaks at 2.3 V and 2.1 V (vs. Li/Li+), and one anodic peak at 2.4 V 

are present (Figure S9.8a). Similarly, two cathodic peaks are present at 2.4 V and 1.9 V in 
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the ASSLSBs with PEO SPE and PLP SSEs (Figure 9.2a and b), and 2.3 V and 1.7 V in 

the ASSLSB with the ALD-PLP SSE (Figure 9.2c). The two cathodic peaks in the CV 

curves of the ASSLSBs indicate that the electrochemical reactions are similar to that in the 

liquid-based Li-S battery. During the cathodic processes, sulfur is first reduced into long 

chain polysulfide species such as S8
2- and S6

2-, followed by the stepwise reduction into 

short chain polysulfides (S4
2-, S2

2-, and S2-) at relatively lower voltages.32,33 The anodic 

peaks of the ASSLSB with PEO SPE show strong current and fluctuation, indicating that 

the polysulfide intermediates dissolve and migrate through the SPE. The dissolution and 

migration of the polysulfide in the PEO-based SPE had been observed using in operando 

SEM and ultraviolet-visible spectroscopy studies by K. Zaghib et al.9 So, the polysulfide 

species can migrate through the PEO SPE layer and reach the PEO/LATP interface in the 

PLP, and cause the reduction of Ti4+ in LATP, leading to the deterioration of the cycling 

performance of ASSLSBs. In order to protect the SSE and improve the cycling 

performance, ALD-derived Al2O3 has been applied to enhance the stability of LATP 

against the reduction by polysulfide species. The insulating nature of the ALD coating 

leads to an increase in the overall impedance (Figure S9.9a), in agreement with the two 

cathodic peaks of the ALD-PLP ASSLSB shifting to lower voltages and the anodic peak 

shifting to higher voltages compared to the uncoated PLP. After the initial CV scan, these 

two cathodic peaks shift to relatively higher voltages (Figure 9.2c), which is possibly due 

to the lithiation of ALD coating layer resulting in an enhancement of the ionic conductivity 

and a decrease of the overall cell impedance. The lithiation of Al2O3 was confirmed by 

XPS study and the results are presented in Figure S11. There is no Li 1s signal for the 50 

cycle ALD coated LATP before charge/discharge cycling. This is because there is no Li 

element in the ALD Al2O3 coating layer. This is Al 2p signal is related to Al2O3 in the same 

sample. After the PLP SSE was charged/discharged for 10 cycles in the ASSLSB, XPS 

was performed on the ALD coated surface of the LATP, and a strong Li 1s peak was 

observed. Also, we found a shift of the Al 2p to a lower binding energy, which confirms 

the lithiation of Al2O3 to LiAlOx after battery cycling. Similar results had been reported by 

X. Xiao et al. and Y. S. Jung et al.34,35 
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Figure 9.2 Cyclic voltammetry curves of a (a) PEO SPE Li-S battery, (b) ASSLSB with a 

PLP sandwich electrolyte and (c) ASSLSB with 10 cycles of ALD-PLP. Charge/discharge 

potential profiles of ASSLSB (d) with a PEO SPE, (e) with a PLP SSE and (f) with 10 

cycles of ALD-PLP SSE; (g) cycling performance of Li-S batteries with different 

electrolytes and its corresponding coulombic efficiency (h). All cycling was performed at 

a current density of 0.1C (1C = 1670 mAh/g) and 60 °C. 

To evaluate the electrochemical performance and stability of Li-S batteries, galvanostatic 

charge/discharge testing was performed at high temperature (60 °C). The Li-S battery with 

a liquid-based electrolyte has two discharge plateaus, one at 2.3 V and another at 2.1 V, in 

addition to a charge plateau at 2.2 V (Figure S9.8b). Similar behaviors are observed in 

ASSLSBs with PEO, PLP and ALD-PLP SSEs where two discharge plateaus are present 

(Figure 9.2d-f). For ASSLSBs with PLP and ALD-PLP SSEs, two charge potential 

plateaus are well defined, indicating clear stepwise oxidation of short chain polysulfide 
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species. In contrast, the stepwise oxidation process is not obvious in the liquid-based Li-S 

battery. The reason behind this phenomenon is possibly related to the high viscosity of the 

SPE, which can effectively limit the diffusion rate of polysulfides compared to their fast 

transport in liquid electrolyte. 

The long-term cycling performance of the liquid-based Li-S batteries and ASSLSBs is 

displayed in Figure S9.8c and Figure 9.2g, respectively. The Li-S batteries were first 

discharged then charged, and the coulombic efficiency was calculated from the ratio of 

discharge capacity to charge capacity. From Figure S9.8c, it can be seen that the liquid-

based Li-S battery delivers an initial discharge capacity of 1134 mAh/g which then rapidly 

decays to 295 mAh/g after 100 charge/discharge cycles. The coulombic efficiency of the 

liquid-based Li-S battery is very low during the first 30 cycles, which can be attributed to 

the polysulfide shuttle effect. In comparison, the ASSLSB with PEO can yield a discharge 

capacity around 645 mAh/g with a very low coulombic efficiency fluctuating between 0 

and 30% and a severe overcharging problem is observed (Figure 9.2d), which is consistent 

with the result reported by M. Lécuyer et al.36 Similar to the liquid-based system, this poor 

coulombic efficiency can also be attributed to the polysulfide shuttle effect. However, the 

ASSLSB with the PLP SSE displays an initial discharge capacity of 1201 mAh/g with a 

coulombic efficiency of 122% in the first cycle. The coulombic efficiency values of over 

100% indicate that some of the discharged active material is irreversibly lost. This is 

possibly because of the dissolution of the polysulfides in the PEO-based SPE and the 

reduction of the LATP consuming polysulfides. However, after 5 charge/discharge cycles, 

the ASSLSBs with PLP and ALD-PLP show stabilization of the coulombic efficiencies at 

around 100% for 100 cycles, which indicates the inhibition of polysulfide shuttling and 

good retention of the active material. After 100 charge/discharge cycles, the ASSLSB with 

the PLP SSE has a discharge capacity of 494 mAh/g, which is higher than that of the liquid-

based system. However, the battery still shows dramatic capacity fade over extended 

cycling. The cycling performance of the lithium symmetric cell with a PLP SSE is 

illustrated in Figure S9.12. This shows that with an ultra-long cycling time and increased 

cycling numbers, there is no voltage drop or over-potential increase, which indicates that 

PLP is ultra-stable in lithium symmetric cells without lithium dendrite formation and 

reduction of LATP. However, in the ASSLSB with the PLP SSE, there are 
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charge/discharge intermediate products, polysulfides, which are dissolvable in PEO-based 

SPEs and thus they can transfer to the PEO/LATP interface to react with LATP causing 

the reduction of LATP. With extensive cycling of the ASSLSB, the degradation of LATP 

is progressive. With the degradation of LATP, polarization in the charge/discharge curves 

of ASSLSB with PLP (as shown in Figure 9.2e) increases. Therefore, the capacity fading 

of the ASSLB is caused by the degradation of PLP. The degradation of PLP is caused by 

the reduction of LATP by polysulfides. Thus, the protection of PLP from reduction is 

extremely important for the enhancement of ASSLSBs' performance. 

Therefore, an ultra-thin Al2O3 was deposited on LATP by ALD to inhibit the reduction by 

the polysulfide. An optimization of the Al2O3 thickness was done and the results are 

presented in Figure 9.2g. With 10 cycles of ALD coating, the best cycling performance 

could be achieved. A thicker coating layer will result in higher overall resistance (Figure 

S9.9) and lower the discharge capacity significantly. With 10 cycles of ALD coating, the 

increase of the overall resistance is not significant compared to the ASSLSB with the PLP 

electrolyte (Figure S9.9a). The initial discharge capacity of the ASSLSB with 10 cycles of 

ALD ALD-PLP SSE is 1035 mAh/g, which is comparable to that of liquid-based Li-S and 

PLP ASSLSBs. After several initial cycles, the discharge capacity increases to 1150.5 

mAh/g. This is because the ALD Al2O3 coating was lithiated after several charge/discharge 

cycles and the resistance of the ASSLSB therefore decreases, resulting in increased 

capacity (as supported by the XPS results shown in Figure S9.11b). From the EIS results 

(Figure S9.9) we can find that the impedance of the ASSLSB with ALD coating decreased 

after charge/discharge, which also supports this hypothesis. A similar phenomenon had 

been reported in Al2O3 coated LiCoO2 batteries.35 After 100 charge/discharge cycles, the 

ALD-PLP ASSLSB can still deliver a capacity of 823 mAh/g, which is almost twice of 

liquid-based and PLP-based Li-S batteries. This result is much better than the previous 

reported all-solid-state Li-S battery performances. (Table S9.1). 
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Figure 9.3 Cross sectional SEM images of (a) pristine LATP, (b) bare LATP after 100 

charge/discharge cycles, (c) 5 cycles of ALD coated LATP after 100 charge/discharge 

cycles, (d) 10 cycles of ALD coated LATP after 100 charge/discharge cycles, (e) 20 cycles 

of ALD coated LATP after 100 charge/discharge cycles, and (f) 50 cycles of ALD coated 

LATP after 100 charge/discharge cycles. The red dotted lines indicate the cross section of 

the LATP side at the cathode interface. Scale bar: 20 μm. (g) Comparison of the XRD 

patterns of LATP after sintering and LATP with different cycle numbers of ALD coating 

after 100 charge/discharge cycles in ASSLSBs. The XRD peaks corresponding to the 

reduced LATP phase are highlighted. 

To investigate the decomposition of the SSE by the polysulfide and to study the effect of 

ALD coating on the protection of LATP in ASSLSBs, cross-sectional SEM of LATP facing 

the sulfur cathode is conducted. Figure 9.3a illustrates the cross-sectional image of the 

pristine LATP after sintering and polishing. The LATP pellet presents a flat surface and 

has a grain size of approximately 5 μm with good intergranular contact. However, after 

100 charge/discharge cycles, the LATP interface on the sulfur cathode side shows grain 
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pulverization and structural collapse (Figure 9.3b). The pulverized LATP particles range 

in size of 100 - 500 nm (Figure S9.13). Furthermore, the pulverization can be observed to 

occur as deep as 50 μm into the LATP pellet (Figure 9.3b). The destruction of the LATP 

structure indicates severe reduction of LATP by polysulfide species, which is the reason 

for the rapid capacity fading. By applying 5 cycles of ALD, the deterioration of the 

interface can be effectively inhibited. As a matter of fact, the formation of small secondary 

particles is rarely observed and the surface of the ALD-protected LATP is much flatter 

(Figure 9.3c) compared to that of the bare LATP after cycling. With a thicker ALD coating, 

the formation of secondary particles is almost completely inhibited and the cycled LATP 

can retain a uniform grain size similar to the pristine sample (Figure 9.3d-f). The crystal 

phase structure of LATP facing the sulfur cathode side after cycling was characterized by 

XRD (Figure 9.3g). Pristine LATP after sintering exhibits a pure LiTi2(PO4)3 phase where 

Ti exists as Ti4+. In contrast, the LATP after 100 cycles shows strong peaks related to the 

Li3Ti2(PO4)3 phase, in which Ti is reduced to Ti3+. Upon protecting the interface with ALD, 

the intensities of the peaks associated with the Li3Ti2(PO4)3 phase decrease with the use of 

5 ALD cycles, and further disappears with thicker coatings of 10, 20, and 50 ALD cycles. 

The prevention of Ti reduction indicates the excellent protection effect of the ALD Al2O3 

coating. 

To study the chemical states of Ti in LATP before and after cycling, synchrotron-based 

high energy X-ray photoelectron spectroscopy (HEXPS) was utilized to study the LATP 

interface. The Ti 1s XPS of pristine LATP is shown in Figure S9.14a, where a single peak 

at 4970 eV is presented. This peak can be indexed to Ti4+ of the LiTi2(PO4)3 phase in the 

pristine LATP. After complete reduction by polysulfides, the Ti 1s spectrum shows a 

decrease in binding energy to 4969 eV (Figure S9.14b), which is indexed as reduced-Ti. 

To calculate the content of Ti4+ and reduced-Ti in the LATP SSE after 100 charge/discharge 

cycles in ASSLSBs, XPS peaks of 4970 and 4969 eV were used to fit the spectrum and the 

results are presented in Figure 9.4 and Table S9.2. Bare LATP after cycling has a strong 

Ti 1s peak related to the reduced-Ti and a weak peak corresponding to Ti4+, which indicates 

significant reduction of LATP by polysulfides. With the presence of ALD protection, the 

peak associated with reduced-Ti species decreased significantly. The contents of Ti4+ and 

reduced-Ti for bare LATP after 100 charge/discharge cycles are 28.7% and 71.3%, 
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respectively. With ALD coating, the content of reduced-Ti decreases to 43.2% for 5 cycles 

of ALD-LATP, 37.4% for 10 cycles ALD-LATP and 29.2% for 20 cycles of ALD-LATP. 

Table S9.2 summarizes the fitting results of the XPS spectra. Clearly, a thicker ALD 

coating is more effective in preventing the reduction of LATP by polysulfide species. 

 

Figure 9.4 Ti 1s XPS of (a) bare LATP, (b) 5 cycles ALD-LATP, (c) 10 cycles of ALD-

LATP and (d) 20 cycles of ALD-LATP after 100 charge/discharge cycles in ASSLSBs. 

All XPS studies were conducted on the LATP surface facing the sulfur cathode. 

To summarize the aforementioned results with respect to their cell configurations, the 

schematic diagrams of the tested ASSLSB systems and the role of the ALD Al2O3 coating 

are illustrated in Figure 9.5. In the ASSLSB with the PLP SSE, a serious reduction of 

LATP by polysulfides happens and a very thick layer of reduced-LATP (r-LATP) is formed 

on the surface of LATP (toward the sulfur cathode side) accompanied by degradation of 

structural features after being charged/discharged for 100 cycles (Figure 9.5a and d 

(bottom)). However, with 10 cycles of ALD coating, the reduction of LATP is significantly 

reduced and a very thin layer of r-LATP is formed on the LATP surface (Figure 9.5b and 
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e (bottom)). Thus, with ALD protection, LATP can maintain its electrochemical properties 

and endow the ASSLSB with stable, long cycle performance. 

 

Figure 9.5 Magnified schematic diagram showing (a) bare LATP (top) and the reduction 

of LATP upon cycling (bottom), and (b) protection of the bulk LATP by ALD before (top) 

and after (bottom) cycling. The cell configurations of (c) Li/PEO/S ASSLSB, (d) Li/PLP/S 

ASSLSB, and (e) Li/ALD-PLP/S ASSLSB. 

9.4 Conclusions 

In conclusion, we report an innovative and effective strategy to enhance the cycling 

stability of ASSLSBs via solving the instability between the SSE and polysulfide species. 

By preventing the reduction of polysulfides toward LATP during battery operation using 

ALD surface engineering on the LATP SSE, the rapid capacity fading of the ASSLSB can 

be avoided. Using ALD-derived Al2O3-coated LATP, the reduction of LATP by 

polysulfide species can be effectively eliminated and the electrochemical performance of 
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ASSLSBs can be significantly enhanced. As a result, the ASSLSB with ALD-PLP shows 

a stable cycling performance with a discharge capacity of 823 mAh/g after 100 

charge/discharge cycles, which is two times higher than that of the unprotected SSE and 

Li-S battery with a liquid-based electrolyte. This work sheds light on addressing the major 

challenge of the instability problem between the LATP SSE and sulfur cathode, paving the 

way to develop a high energy density ASSLSB. 
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Supporting information 

 

Figure S9.1 TGA analysis of C-S composite 

 

Figure S9.2 Schematic diagram shows the configurations of Li-S batteries in our studies. 

(a) Liquid-based Li-S battery; (b) All-solid-state Li-S battery with PEO SPE; (c) All-

solid-state Li-S battery with PLP SSE; (d) All-solid-state Li-S battery with ALD-PLP 

SSE 
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Figure S9.3 SEM images of LATP precursor after calcinating at 700 oC for 2 h. (a) high 

magnification, (b) low magnification. 

 

 

Figure S9.4 Cross section SEM image of LATP SSE after sintering at 900 oC, 6 h. 
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Figure S9.5 XRD patterns of LATP after calcinating at 700 oC and after sintering at 900 

oC. 

 

Figure S9.6 Temperature dependent ionic conductivity of LATP SSE after sintering at 

900 oC. 

LATP pellets were polished to a thickness of around 500 μm before ALD Al2O3 coating 

process. The morphology of LATP after calcination are presented in Figure S9.3a, b. The 

particle size of the LATP precursor is around 200-500 nm with secondary aggregates 

ranging from 10 to 50 μm in dimension (Figure S9.3b). After sintering at 900 oC, LATP 

particles are well bonded to each other and a dense structure can be obtained (Figure S9.4). 

Both LATP powder and LATP pellet are found to exhibit the same phase as parent crystal 
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structure LiTi2(PO4)3 (PDF 35-0754) phase structure (Figure S9.5). The ionic conductivity 

of LATP is 1.6*10-4 S/cm at RT with an activation energy (Ea) of 0.293 eV (Figure S9.6), 

 

Figure S9.7 EIS of (a) PEO-based SPE at RT, (b) PEO-based SPE at 60 oC, (c) PLP 

sandwich-type hybrid electrolyte at RT and (d) 60 oC. 

 

Figure S9.8 (a) CV cure of liquid-based Li-S battery, (b) charge/discharge profile of liquid-

based Li-S battery, (c) discharge capacity and coulombic efficiency of liquid-based Li-S 

battery. All testing is performed at 60 oC. 
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Figure S9.9 EIS of ASSLSBs with different cycles ALD coating PLP sandwich-type 

hybrid electrolyte at 60 oC (a) before charge/discharge testing and (b) after 100 

charge/discharge cycles.  

 

Figure S9.10 EIS of Liquid-based Li-S battery at 60 oC before charge/discharge testing. 

The overall impedance of liquid-based Li-S battery is 44 Ω, much smaller than that of 

ASSLSBs with PLP electrolyte (~500 Ω). 
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Figure S9.11 Comparisons of Li 1s and Al 2p XPS on 50cy ALD coating LATP surface 

before charge/discharge and after 10 cycles charge/discharge. 

 

Figure S9.12 Potential profile of lithium symmetric cell with PLP SSE at 60 oC, current 

density 0.1 mA/cm2, with a cut-off capacity 0.1 mAh/cm2.   

The LATP SSE is known to suffer from chemical instability against the lithium metal 

anode where the Ti4+ is reduced. However, SPEs can be applied between the LATP SSE 

and lithium anode, leading to the formation of a stable interface that can inhibit dendrite 

growth. Figure S9.12 shows the lithium plating/stripping process of lithium symmetric cell 

with PLP sandwich-type hybrid electrolyte at a current density of 0.1 mA/cm2. Over 500 h 

testing period, no short circuit or overpotential growth could be observed, which indicates 
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a stable plating/stripping process with no dendrite formation. This result eliminates the 

possibility of the reduction of LATP in ASSLSBs by lithium anode. 

 

Figure S9.13 Bare LATP after 100 charge/discharge cycles in ASSLSB. The formation 

of the small particles indicates the decomposition of LATP by polysulfide. 

 

Figure S9.14 (a) Ti 1s XPS of pristine LATP and (b) Ti 1s XPS of reduced-LATP by 

polysulfide solution. 
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Figure S9.15 XRD of completely reduced-LATP. (* sulfur) The existence of sulfur peaks 

is due to the oxidation of Li2S6 by LATP. 

 

Figure S9.16 Cross-section SEM images of (a) C-S cathode; (b) C-S cathode after 100 

cycles charge/discharge. (c) Lithium anode after 100 cycles charge/discharge. 

Figure S9.16a is the cross-section SEM image of a C-S cathode with current collector. The 

thickness of the cathode layer is 25 μm. After the cathode was charge/discharge for 100 

times, the thickness of the cathode is 40 μm. The volume expansion is 60 % which is 

significant large. For the anode part, the SEM image of lithium anode after 100 cycles was 
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obtained, whose thickness is 420 μm. 10 μm thicker than the original lithium anode (410 

μm).  

Table S9.1 A comparison of the all-solid-state Li-S batteries performances 

Solid-state electrolyte 

Sulfur loading 

(mg/cm2) 

Initial capacity 

(mAh/g) 

Cycling performance 

(mAh/g) 
Refs. 

PEO-LiCF3SO3 / 520 (0.05C) 300 (Second cycles, 0.05C) 37 

PEO-PEGDA-DVB 

cross-linking polymer-

LITFSI 

/ 375 (0.05C) 175 (50th cycles, 0.05C) 38 

Polyether-based 

polymer-LiClO4-SiO2 
0.34 1131 About 965 (first charge) 9 

Sucrose-boron polymer-

PEO-LITFSI 
About 0.8 (PAN-S) 1302 (0.1C) About 620 (100th cycles, 0.1C) 39 

PEO-LITFSI / 900 (0.05C) About 700(50th cycles, 0.05C) 40 

PEO-LiCF3SO3-ZrO2 / About 170 About 172 (50th cycles) 41 

PEO-LiTFSI-SiO2 / 1265 800 (25th cycles) 42 

PEO-LiTFSI-LiAlO2  609 280 (10th cycles) 43 

PEO/ALD-LATP/PEO 0.6~1 1035 (0.1C) 823 (100th cycles, 0.1C) 
This 

work 

Table S9.2 XPS fitting results 

Sample name Bare LATP 5 ALD-LATP 10 ALD-LATP 20ALD-LATP 

Content of Ti4+ (%) 28.7 56.8 62.6 70.8 

Content of reduced-Ti 

(%) 
71.3 43.2 37.4 29.2 
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Chapter 10  

10 Conclusions and perspectives 

In this chapter, the results and contributions of this thesis and personal suggestions of the 

future directions for developing high performance all solid-state batteries (ASSBs) will be 

summarized.  
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10.1 Conclusion 

LIBs have become dominating energy storage systems for the applications in portable 

devices and electric vehicles in modern society. However, using liquid organic electrolyte 

in LIBs makes the batteries unsafe, thus ASSLIBs are regarded as the ultimate solution for 

safe energy storage systems. For achieving high performance ASSLIBs, SSEs are the key 

factor. This thesis focused on two popular SSEs including SPE and oxide-based SSEs, 

which are the most promising SSEs for building ASSBs. PEO-based SPEs have high ionic 

conductivity at elevated temperature, low interfacial resistance towards electrodes and a 

facile preparation process. With these advantages, PEO-based SPEs received tremendous 

research attentions. However, the low electrochemical oxidation window of PEO-based 

SPEs seriously limit their application in high energy density ASSLIBs. Even though PEO-

based SPEs have been commercialized in the Bolloré Bluecar, with a lithium metal anode 

and LiFePO4 cathode, their electrochemical performance with high energy density 

cathodes such as LiCoO2, Ni-rich NMC, etc. is still very poor. Oxide-based SSEs are 

relatively stable at ambient environment and they have high ionic conductivity at RT, 

which has made them also attracting many research interests. However, the mismatch 

problem due to the rigid property and the reduction of Ti4+ still inhibit their wide 

application. 

In order to break the limitation of PEO-based SPE coupling with high energy density 

cathode materials, interfacial engineering between the SPE and cathode, as well as 

developing high voltage stable SPEs are reported to be the effective approaches. To address 

the mismatch problem in the oxide-based SSE, co-sintering the oxide-based SSE and 

cathode, with a low melting point of SSE, is an effective strategy. To prevent the reduction 

of Ti4+, surface coating to prevent direct contact between the SSE and reductant is a 

practical solution.  

One of the main objectives of this thesis is to develop different approaches including 

interface engineering, SPE modification and electrode designs for coupling PEO-based 

SPEs with high voltage, high energy density cathode materials, to get high performance, 

long cycling life of ASSLIBs. Another main objective is to understand how these 

approaches achieve better performance by combining the results from synchrotron 
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radiation technique, XPS and TEM, etc. studies. One more objective of this thesis is to 

tackle the mismatch problem of oxide-based SSE by using halide SSE as a co-sintering 

material and Ti4+ reduction problem of LATP SSEs by interface protection approach. More 

details about each part is descripted as follows: 

1). Interface engineering between the cathode electrode and SPE by ALD derived lithium 

tantalate was studied. The effects of ALD derived lithium tantalate coating on the LiCoO2 

cathode electrode surface (coating on both LiCoO2 particles and AB particles), LiCoO2 

particles only, and AB particles only were studied. There is a significant enhancement in 

the electrochemical performance of LiCoO2 cathode electrode surface coating and AB 

particles coating, while no positive effect was seen for the LiCoO2 particles coating. This 

indicates that the stability of the AB/SPE interface is very important for high voltage 

ASSLIBs. LSV studies show that AB can accelerate the electrochemical decomposition of 

the SPE, while the low electronic conductive lithium tantalate coating layer can effectively 

reduce the electrochemical decomposition at high voltage. XAS studies disclosed that 

LiCoO2 particles are stable during charge/discharge cycling and that further coating with 

ALD does not show positive effects of enhancing their performance.  

2). In order to further increase the energy density of ASSLIBs, a Ni-rich NMC811 cathode, 

which has higher energy density compared to LiFePO4 and LiCoO2, must be used. 

Therefore, applying NMC811 in the ASSLIBs is important for achieving high energy 

density. However, not only the electrochemical decomposition of PEO-based SPEs but also 

the instability of NMC811 during cycling process, attribute to the poor cycling 

performance of the ASSLIBs. To enhance the performance of NMC811 ASSLIBs, inspired 

by previous work, ALD derived LNO was coated on the NMC811 electrode surface. The 

mechanism studies by STEM, XAS and XPS disclosed that LNO coating can not only 

enhance the stability of the NMC811 cathode, but also inhibit the chemical/electrochemical 

decomposition of the PEO-based SPE, therefore, rendering a stable performance of high 

energy density ASSLIBs.  

3). Different from the interfacial engineering strategy, a facile method for enhancing the 

electrochemical oxidation window of PEO-based solid-polymer electrolytes was disclosed 
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by simply tailoring the end functional group of the PEO polymer chain. Traditionally, PEO 

based SPEs were prepared by AN solvent. In contrast, by using DMF as the preparation 

solvent, we found that ASSLIBs, with DMF prepared SPEs have better electrochemical 

cycling performance compared to AN prepared SPEs. NMR studies illustrated that the 

methyl end group of PEO was replaced by a dimethylamine group. The Gibbus energy for 

breaking the C-C bond in dimethylamine end group PEO is 3 times higher than that of 

methyl end group PEO, which disclosed the reason why DMF prepared PEO-based SPEs 

have higher electrochemical stability.  

4). Another factor that influences the performance of 4 V class ASSLIBs was studied in 

this thesis, which is the binder effect. By comparing the performance of different binders 

including common used PEO, PVDF binder and two kinds of carboxyl-rich polymer (CRP) 

binders which are Na-alginate or CMC, it is found that CRP binders are better binders for 

4 V class ASSLIBs. After 1000 cycles, the ASSLIBs can maintain a capacity retention of 

60%, 10 times high than that of PEO binder based ASSLIBs. CV studies shows CRP 

binders have less electrochemical decomposition at high voltage. Mechanism studies by 

XAS and DFT calculation show that carboxyl in CRP has a strong attraction capacity on 

the surface of LiCoO2 and CRP works as a coating like material for the stabilizing 

cathode/SPE interface.   

5). Oxide-based SSEs are promising for the application in ASSLIBs. However, the 

mismatch problem significantly hinders the performance of ASSLIBs that use oxide-based 

SSEs. To address this challenge, a high ionic conductive halide SSE, Li3InCl6, was in-situ 

synthesized at the SSE/electrode interface to ensure the intimate contact between LLZO 

oxide-based SSE and LiCoO2 cathode. With the in-situ synthesized Li3InCl6, ASSLIBs can 

operate at 0.1C and deliver a discharge capacity of 129.2 mAh/g, which is comparable to 

that delivered from liquid based LIBs. And the loading of the active materials can be as 

high as 13 mg/cm2. Such a good electrochemical performance indicates that applying a low 

melting point, high ionic conductivity halide SSE as the co-sintering assistance for building 

practical oxide based ASSLIBs is possible. This provides a new approach for developing 

high performance oxide based ASSLIBs. 
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6). Li-S batteries are regarded as the next generation lithium batteries due to their ultra-

high energy density. However, the polysulfide shuttle effect, the low ionic and electronic 

conductivity of the sulfur cathode and the huge volume change of the cathode, limit the 

development of Li-S batteries. In the last of this thesis, an ASSLSB with a polymer-ceramic 

sandwich structure SSE was studied. SPEs work as an interlayer for intimate contact 

between the oxide-based SSE and sulfur cathode. However, the charge intermediate 

products, polysulfides, will reduce the Ti4+ in the LATP SSE. To stabilize the LATP SSE, 

an ultra-thin and unform ALD derived Al2O3 thin film was coated on the surface of the 

LATP towards sulfur cathode side. With the Al2O3 protection, the stability of the LATP 

was greatly improved as confirmed by the SEM, XPS and XRD results. Due to the 

enhanced the stability of the LATP, the performance of ASSLSBs was greatly enhanced.  

10.2 Contributions to this field 

1. Developing ultrathin film as a protective layer for coupling high voltage cathodes with 

SPEs. In this thesis, we developed ALD derived materials to act as the protective layer for 

stabilizing the cathode/SPE interface. ALD is a low temperature process, which makes it a 

friendly process for depositing thin film coating materials. Moreover, the thin film and 

controllable thickness of ALD will not inhibit the transportation of ions. In this thesis, the 

details for coating on electrode or cathode particles were also disclosed, providing a guide 

for future work on coating strategy for enhancing the performance of ASSLIBs.  

2. Developing a new approach for enhancing the electrochemical oxidation window of 

PEO-based SPEs. In chapter 6, we disclosed that the end functional group of the PEO 

polymer chain has great influence on the stability of PEO. Gibbus energy for breaking the 

C-C bond in the dimethylamine end group of PEO is almost 3 times higher than that of 

methyl end group PEO. With the dimethylamine end group PEO-based SPE, the cycling 

performance of 4 V class ASSLIBs was significantly improved.  

3. New insight for understanding the binder effects on the performance of 4 V class 

ASSLIBs. In most of the reported studies, the binder for ASSLIBs with a SPE is PEO or 

EO containing polymer, for enhancing the ionic conductivity of the electrode. However, 

PEO and EO containing polymer has a low electrochemical oxidation window, which 
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means it is a good binder for 4 V ASSLIBs. To pursue a high-performance binder for 4 V 

class ASSLIBs, carboxyl-rich polymers were studied. With carboxyl-rich polymer CMC 

as the binder, the capacity retention of 4 V ASSLIBs, after 1000 cycles, is maintain at 60%; 

10 times high than that of PEO binders.  

4. Developing a new strategy for building practical oxide based ASSLIBs. Oxide based 

ASSLIBs suffer from the mismatch problem due to their rigid property. Up to now, the 

developed methods for building oxide based ASSLIBs include adding liquid electrolyte, 

applying a SPE interlayer, and using Li3BO3 as the co-sintering assistance. In chapter 8, 

we applied a new approach, which is in-situ synthesis of halide SSE Li3InCl6 at the 

SSE/cathode interface to ensure intimate contact between the SSE and cathode. In-situ 

synthesis Li3InCl6 was conducted by a solution-based method at 200 oC. The solution-based 

method helps to create an even distribution of Li3InCl6 at the interface and provide 

continuous Li+ ion change within the thick electrode. With the Li3InCl6, ASSLIBs with 

LLZO and LiCoO2 were built and delivered excellent electrochemical performance. 

5. Deep understanding of the interface properties between the cathode and SSE. The 

surface and interface chemistries of cathodes, including LiCoO2, Ni-rich NMC811 and 

sulfur, as well as the SSE, have been deeply investigated by different techniques, including 

X-ray photoelectron spectroscopy (XPS), the synchrotron based XAS technique, STEM 

and SEM.  

10.3 Perspectives 

Although there have been some progresses related to the development of high energy 

density ASSBs, there are still significant challenges to be overcome. Herein, I propose 

potential directions and perspectives for this field: 

1. Developing high voltage stable SPEs for high energy density ASSLIBs. PEO-based 

SPEs are popular SSEs for ASSLIBs, however, their electrochemical stability window is 

limited, which means they cannot be used in high voltage battery systems (over 4.5 V 

vs.Li/Li+), even though a coating layer is applied. Therefore, developing high voltage 

stable SPEs is very important for the development of high energy density ASSLIBs. 
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Tailoring the end functional group of the PEO polymer chain would be a good strategy, as 

proposed in chapter 6. The stabilities of different end functional groups of PEO-based SPEs 

can be calculated and summarized to provide a guide for developing high voltage stable 

PEO-based SPEs. Other polymer systems are also worth trying for high voltage stable SPEs.  

2. Developing high voltage stable coating materials for enhancing the cycling 

performance of 4 V class ASSLIBs. F containing materials such as LiF, AlF3 etc. are 

calculated to be stable at higher voltages (up to 6 V vs. Li/Li+). Applying such materials as 

the coating layer for protecting the interface between high voltage cathodes and SSEs is 

one of the most promising directions.  

3. Developing high performance binders for high energy density ASSLIBs. In chapter 

7, for the first time we disclosed that binders have a very important impact on the 

performance of 4 V class ASSLIBs. The carboxyl-rich polymer binders present better 

performance in ASSLIBs. However, carboxyl-rich polymer binders have poor ionic 

conductivity, and this will sacrifice the rate performance of ASSLIBs. It is believed that 

there must be other better binders for high rate, long cycling life of ASSLIBs. To pursue a 

high ionic conductivity, high performance polymer binder is a future research direction.  

4. Better fundamental understating between the high voltage cathode and SPE 

interface by advanced characterization techniques. A well accepted opinion is that 

SPEs will electrochemically decompose at high voltage. However, the electrochemical 

decomposition process (electrochemical reaction), the decomposed products and their 

influence on the solid electrolyte interphase have not yet been fully studied. Moreover, the 

layer structure cathode materials such as LiCoO2, NMC have the oxygen release problem. 

The influence of the released oxygen on the decomposition of SPEs is still not clear. 

Therefore, fundamental studies on these fields are important for further development of 

high energy density ASSLIBs. Advanced characterization techniques, including MS, cryo-

TEM, STXM, resonant inelastic X-ray scattering (RIXS) etc. are important techniques for 

better understanding the decomposition of SPEs and the related oxygen release effect. 

5. Next generation all-solid-state Li-S batteries. In chapter 9, ASSLSBs with a PEO-

LATP sandwich structure SSE was fabricated. LATP is unstable toward polysulfide 
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species. In future studies, other oxide-based SSEs such as LLZO and LAGP can be used in 

ASSLSBs. To address the interface mismatch issue, using halide SSEs as the co-sintering 

assistance can be a potential solution for replacing the SPE interlayer. The application of 

other SSEs, such as sulfide-based, halide SSEs and SPEs, in ASSLSBs are potential future 

directions in this field. 

6. Practical application. To realize the practical application of ASSBs, the cycling 

performance and the energy density of the ASSBs are two main factors that need to be 

seriously considered. The cycling performance of the batteries relies on the 

chemical/electrochemical stability of the battery’s components, including the cathode, 

anode, electrolyte, current collector and the interface. The energy density of the batteries 

is related to the capacity of the electrodes and the weight percentage of each component. 

To get a higher energy density battery, each component of the battery should be minimized. 

Therefore, developing ultra-thin SSEs for reducing the weight of SSE can improve the 

energy density of SSBs for practical application.  

In conclusion, different approaches including interface engineering, electrolyte 

modification, and electrode design have been developed in this thesis for enhancing the 

performance of ASSLIBs. The mismatch problem and the instability problem in oxide SSE 

based ASSBs were also addressed. However, there is still a long way to go for developing 

ASSBs for practical applications. A deep understanding of the interface chemicals in 

ASSBs is necessary and the energy density for practical battery application need to be 

considered. It is expected that with continued efforts, a high energy density and high 

performance ASSB for practical electric vehicle application can be achieved.  
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