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ABSTRACT 

With the merits of high Li+ conductivity, wide potential window, and electrochemical 

stability against metallic lithium anode (the highest theoretical capacity: 3,860 mAh g−1), 

cubic phase garnet-type Li7La3Zr2O12 (LLZO) solid-state electrolyte has attracted much 

attention for developing solid-state batteries with increased safety, higher energy density, and 

longer lifespan. Besides, the solid-state or liquid electrolyte/electrode interface stability and 

low resistance are important to their optimized electrochemical performance of lithium-ion 

batteries. The goal of this dissertation is to develop high-performance lithium-ion batteries 

based on LLZO solid-state electrolyte and stable/low resistance electrode-electrolyte 

interface via (1) low-temperature synthesis/densification of Al/Bi-doped cubic LLZO 

electrolytes, (2) surface modification of LiNi1/3Co1/3Mn1/3O2 cathode particles, (3) composite 

polymer electrolytes, and (4) application of plastic-crystal interfacial modification. 

Chapter 3 explores a low-temperature synthesis strategy to obtain cubic LLZO 

powders via a combination of sol-gel method and ball milling induced tetragonal to cubic 

phase transition, which is ~200 °C lower than the thermally induced phase transition 

temperature. Chapter 4 investigates the role of a facial B2O3 surface modification of 

LiNi1/3Co1/3Mn1/3O2 cathode particles to achieve a stable cathode-electrolyte interface, which 

enables improved high-rate discharge performance and enhanced cycling stability of the 

batteries. Chapter 5 reveals the effects of LLZO ceramic filler distribution and doping 
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elements (Al and Bi) on the ambient-temperature ionic conductivity, Li+ transference number, 

electrochemical stability window, and ability to suppress lithium dendrite growth of 

poly(vinylidene fluoride) based composite polymer electrolytes, as well as solid-state battery 

performance based on these composite polymer electrolytes. In Chapter 6, cubic Bi-doped 

LLZO ceramic pellets with a high relative density (>90%) and ionic conductivity 

(~1.32× 10−4 S cm-1 at 20 °C) were achieved with a sintering temperature as low as 900 °C. 

A succinonitrile-based plastic-crystal interlayer at the Li/LLZO interface was demonstrated to 

be very effective to reduce interfacial resistance and enable stable cycling of a Li/LLZO/Li 

symmetric cell. With the help of the plastic-crystal interlayer and a composite cathode, a 

Li/LLZO/LiCoO2 all-solid-state battery was fabricated, which displayed a stable cycling at 

0.1C for 40 times at 20 °C with a discharge capacity of ~115 mAh g-1 and a Coulombic 

efficiency of ~99%. 
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CHAPTER 1: INTRODUCTION 

Published Work Disclosure: This chapter is based on previously published paper (J. 

Li, R. Wang, Recent advances in the interfacial stability, design and in situ characterization of 

garnet-type Li7La3Zr2O12 solid-state electrolytes based lithium metal batteries, Ceram. Int., 

(2021) in press. 

As a consequence of the dramatically enhanced performance of modern lithium-ion 

batteries (LIBs), we are in the middle of a transportation revolution from conventional fossil 

fuels powered vehicles to electric vehicles (EVs). However, commercial-scale LIBs for EVs 

have encountered ever-growing safety concerns due to flammable organic liquid electrolytes 

and lithium dendrite growth/penetration, as well as the bottleneck of insufficient energy 

density (~250 Wh kg−1; energy density goal: >500 Wh kg−1, set by the US Department of 

Energy in 2017) due to the current battery configuration [1, 2]. Till now, Li metal anode (the 

highest theoretical specific capacity: 3860 mAh g−1; low density: 0.59 g cm−3; and the lowest 

potential -3.04 V vs. standard hydrogen electrode) coupled with high-voltage intercalation or 

conversion reaction cathodes such as sulfur and oxygen has been considered as very 

promising materials combinations to achieve the targeted energy density (>500 Wh kg−1) for 

next-generation rechargeable batteries [3]. Unfortunately, the fulfillment of Li metal batteries 

is greatly hindered by the formation of notorious Li dendrites [2]. Among various strategies 

to achieve a safe and sound Li metal battery, solid-state electrolyte (SSE) coupled with Li 

metal anode, is one of the very encouraging architecture designs to satisfy the requirements 

for advanced all-solid-state batteries (ASSBs) possessing not only outstanding energy density 

but also longer lifespan and increased safety.
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After years of research, two categories of high-performance SSEs have been invented: 

inorganic SSEs and solid polymer electrolytes. The polymer electrolytes are more balanced 

from different processing aspects than those of inorganic SSEs, however, they suffer from 

low lithium ionic conductivities at room temperature. To fulfill the performance requirements 

of the ASSBs with solid polymer electrolytes, the batteries have to be operated between 50 

and 80 °C, which will cause the thermal decomposition/degradation and thermal management 

issues. For extensively studied sulfide SSEs, although possessing competitive ionic 

conductivity (10−3-10−2 S cm−1) in comparison to liquid electrolytes, the narrow 

electrochemical windows [4] and poor air stability [5] limit their applications. The 

requirement of all assembling steps performed in inert gas will also increase the production 

cost of ASSBs. In contrast, oxide-based SSEs promise great potential for a safer energy 

storage solution over a broad operating temperature range because of the superior thermal 

stability (i.e. thermal decomposition for Ta doped LLZO was calculated to be ~1600 °C [6]). 

Among the widely reported oxide-based SSEs, LLZO has attracted considerable attention 

because it simultaneously possesses beneficial high conductivity (10−4-10−3 S cm−1 at room 

temperature), high shear modulus (61 GPa) to block Li dendrite, and intrinsic wide 

electrochemical stability window [7]. 

At the early stage of LLZO SSE development, intensive efforts have been focused on 

improving the bulk ionic conductivity (target value: 10−4-10−3 S cm−1 at room temperature) 

by a variety of processing strategies of elemental doping or substitution and controlling the 

synthesis conditions, such as processing pressure and sintering temperature, to optimize the 

microstructure (i.e. grain size, grain boundary composition and bulk density of sintered films 

or pellets). Although the ionic conductivity of doped cubic LLZO (c-LLZO) is still inferior to 

those of liquid electrolytes, by elaborately tailoring the thickness of the LLZO SSE and the 

microstructure of the electrodes, it no longer appears to be the bottleneck for the ASSBs 
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development to meet performance requirements. However, a fundamental understanding of 

chemically and electrochemically unstable LLZO/electrode interfaces at the applied potential 

is far from satisfactory for future practical EV battery applications. More specifically, 

chemical stability refers to changes of the LLZO/electrode interfaces throughout the battery 

fabrication (i.e., thermal treatment), which occurs before the battery operation. 

Electrochemical stability is used to denote the structural and compositional changes of the 

LLZO/electrode interfaces during the battery cycling. 

In a typical Li-metal ASSB, there are two obvious interfaces consisting of 

SSE/cathode and SSE/Li. As different chemical and electrochemical challenges and solutions 

present at these two interfaces, we will divide the discussion into the LLZO/Li anode 

interface and the LLZO/cathode interface in the following sections. 

1.1. LLZO/Li anode interfaces 

1.1.1. Chemical and electrochemical stability challenges of LLZO/Li interface 

Extensive experiments and DFT calculations have been devoted to study the stability 

of the LLZO/Li interface, some of which are summarized in Table 1.1. In the beginning, by 

simply comparing the XRD patterns and visual images of the sintered LLZO pellets before 

and after directly contacting with molten Li for 72 h, Kotobuki et al. [8] observed no apparent 

phase and color changes (Figure 1.1a), concluding that the Al2O3-added LLZO was stable 

against Li metal. Then from XPS analysis, Wolfenstine et al. [9] found that only one 

oxidation state for Li (Li+) was present for LLZO pellet before and after contact with molten 

Li at ~300-350 °C, however, the pellet color changed from tan-white to gray-black and 

perpendicular cracking was observed after contacting with molten Li. This phenomenon was 

explained by the formation of color centers and unpaired electrons trapped at oxygen 

vacancies associated with the addition of Li+ gained during pellet immersion in molten Li at 

~300-350 °C with dwell time from 24 to 168 h. By implementing more elaborate 
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experiments, both Ma et al. [10] (Figure 1.1b) and Rettenwander et al. [11] (Figure 1.1c) 

observed the formation of Li-rich tetragonal LLZO interlayer after c-LLZO pellet contacting 

with Li metal, but the two groups declared opposite roles of this interlayer as described 

below. Ma et al. [10] considered that the interlayer can hinder the c-LLZO from being further 

reduced by Li without compromising the Li+ transport at the interface, whereas Rettenwander 

et al. [11] claimed that the interlayer was unstable with time and caused high interfacial 

impedance. 

From the early experimental studies, there is not a clear consensus of the stability of 

the LLZO/Li interface, while the first-principle calculations seem to obtain similar 

conclusions. Because LLZO exhibits the lowest reduction potential of as low as 0.05 V 

against Li and the least favorable decomposition reaction energy of only 0.021 eV/atom, Zhu 

et al. [4] concluded that Li reduction of garnet LLZO is likely to be kinetically inhibited. 

Besides, based on the result of positive Gibbs free energies for all the possible reactions 

between Li metal and LLZO, Wu et al. [12] proposed that the reactions between Li metal and 

LLZO are thermodynamically unfavorable. However, from some very recent studies, the 

LLZO/Li stability is dopant- or surface-dependent, and an in-depth understanding of the 

interfacial reaction chemistry is still needed [13, 14]. For instance, Zhu et al. [13] combined 

in situ XPS and computational methods to demonstrate that the stability of the LLZO/Li 

interface is closely related to the dopant elements (Al, Ta, and Nb) (Figure 1.1d). According 

to their results, despite the reduction of Zr4+ and the formation of an oxygen-deficient 

interphase (ODI) layer were observed for all three doped LLZO samples, the extended ODI 

layer in the Al-doped LLZO sample stabilizes the LLZO/Li interface. However, due to the 

favored segregation of Nb to the LLZO/Li interface, the ODI layer in the Nb-doped LLZO 

sample was unstable and the interfacial impedance with Li was the highest among the three 
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samples. Ta and Al-doped LLZO phases exhibit better stability compared to the Nb-doped 

LLZO. 

 

Figure 1.1. (a) XRD patterns and corresponding photos of Al2O3-added LLZO pellet calcined 

at 1000 °C after (up) and before (down) contact with molten Li metal for 72 h [8]. (b) 

Formation of the c-LLZO-Li interfacial layer. (left) HAADF-STEM image of c-LLZO in situ 

contacted with Li. (right) Schematic illustration of the observed interface behavior [10]. (c) 

Raman mapping of the cross-sectional Li6.4Fe0.2La3Zr2O12 after the contact with metallic Li 

[11]. (d) Schematic illustrations of the hypothesized impact of dopant type on the chemical 

makeup of the Zr sublattice and the resulting structure/thickness of the oxygen deficient 

interphase (ODI) in contact with Li metal [13]. 
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Table 1.1. The Li/LLZO electrolyte interfacial reactions. 

Materials composition Reaction with Li anode Reaction condition 
Characterization 

method 
ref 

Al2O3-added 

Li7La3Zr2O12 
Not observed 

molten Li on Ni plate 

in Ar-filled globe box 

for 72 h 

XRD [8] 

Li6.28Zr2La3Al0.24O12 Observed; intergranular cracks 
molten Li at 300-

350 °C for 24 to 168 h 

chemical coloration 

(tan-white color to 

gray-black) 

[9] 

Li6.25Al0.25La3Zr2O12 a five garnet unit cells thick tetragonal LLZO phase Contact with Li 
in situ STEM and 

EELS 
[10] 

Li6.4Fe0.2La3Zr2O12 

a 130 μm thick tetragonal LLZO interlayer and a 

significant Li deficiency of about 1-2 formula units 

toward the interface 

after the Li|LLZO|Li 

interfacial impedance 

measurement 

Raman and ns-LiBS 

(nanosecond laser-

induced breakdown 

spectroscopy) 

[11] 

Li6.5La3Zr1.5Nb0.5O12 

Li6.5La3Zr1.5Ta0.5O12 and 

Li6.25Al0.25La3Zr2O12 

Dopant‐Dependent Stability: 

Nb5+ reduced to Nb4+ and Nb3+;  

Zr4+ reduced to Zr2+ 

Li film deposition and 

after EIS measurements 
in situ XPS [13] 

Li7La3Zr2O12 
reduction of garnet by Li is likely to be 

kinetically inhibited  
- 

Thermodynamic 

Analyses Based on 

DFT 

[4] 

Li6.1Ga0.3La3Zr2O12 stable - DFT [12] 
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1.1.2. Li dendrite formation and growth 

Another major problem limiting the rate capability of garnet based ASSBs with Li 

anode is the issue of Li penetration through the SSE that results in short circuits. As shown in 

Figure 1.2, multiple explanations have been proposed to elucidate the fundamental 

mechanisms of Li dendrite formation and growth through LLZO. 

 

Figure 1.2. Li dendrites in LLZO SSE are attributed to (a) electronic conductivity, (b) 

insufficient interfacial contact (poor wettability), (c) grain boundaries, and (d) pre-existing 

defects near the interface and in the bulk. 

Electronic conduction (Figure 1.2a). Considering that the electronic conductivity of 

LLZO (10-8-10-7 S cm-1) is much higher than that of LiPON (10-15-10-12 S cm-1), Han and co-

workers [15] investigated and demonstrated the origin of the dendrite formation due to 

electronic conduction by monitoring the dynamic evolution of Li concentration profiles in 

LiPON and LLZO during lithium plating. Their results showed deposition of isolated Li 

inside the bulk LLZO, while no obvious change in the lithium concentration in LiPON was 

observed. They concluded that the high electronic conductivity of LLZO should be mostly 

responsible for the formation of Li dendrite. 



8 

 

Insufficient interfacial contact (poor wettability) (Figure 1.2b). The insufficient 

interfacial contact was also a key issue for the Li dendrite growth. For instance, surface 

contaminants, such as Li2CO3, are usually present on the surface of LLZO, through which the 

Li+ transport is slower than in LLZO. Thus, it will cause Li+ current to focus at the interface 

due to the favorable transport of Li+ toward the limited direct contact points between LLZO 

and Li metal and away from contaminated regions. Then this focused Li+ current will result 

in inhomogeneous deposition of Li and eventually to the penetration of Li dendrite into the 

LLZO [16-19]. 

Grain boundaries (GBs) (Figure 1.2c). Current focusing resulted from fast Li+ 

migration along GBs is another reason for dendrite formation, because Li would 

preferentially deposit in regions where GBs intersect with the electrode surface [18]. 

However, just current focusing along GBs cannot explain Li dendrite penetration. GBs 

“softening”, reduction in elastic moduli occurs in nanoscale regions near GBs, because of 

deviations in density and atomic structure, provides a conceivable mechanism for Li dendrite 

penetration [18, 20]. 

Pre-existing defects near the interface and in the bulk (Figure 1.2d). Pre-existing 

defects near the LLZO/Li interface and in the bulk LLZO, such as pinholes, cracks, and voids 

should also be responsible for dendrite growth. For defects in the bulk, Li deposition through 

remaining pinholes in the LLZO ceramic electrolyte after fabrication is a common failure 

scenario. For instance, isolated Li plating in the pinholes occurs when Li+ is reduced to Li 

metal by gaining an electron from the oxygen backbone of the ceramic or the residual 

electronic conductivity of the ceramic [21, 22]. For defects near the LLZO/Li interface, one 

possible Li dendrite growth mode is the propagation of pre-existing Griffith flaws. In this 

case, Li plating in pre-existing flaw during electrodeposition produces crack-tip stresses 

which drive crack propagation [23], demonstrated by Schmidt et al [24]. Klinsmann and his 
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coworkers [25] reported an analytic study related to this mechanism of dendritic crack growth 

and claimed that a high pressure (up to 1 GPa) relaxation-restoration process in the lithium in 

the crack continues until the crack touches the counter electrode, causing a short-circuit. For 

defects near the LLZO/Li interface, voids formed in Li anode during stripping are also 

recognized as the formation and propagation sites for Li dendrites [26, 27]. During the 

cycling, voids in the Li at the interface will accumulate and consequently increase the local 

current density at the interface, finally causing Li dendrite formation on plating. Moreover, 

voids near the interface deteriorate the interfacial contact between LLZO and Li metal [28]. 

 

Figure 1.3. Interfacial designs to address (a) LLZO SSE/Li and (b) LLZO SSE/cathode 

interface stability challenges. 

1.1.3. Interfacial design to address LLZO/Li interface stability challenges 

Great efforts till now have been made to satisfy the following criteria for the LLZO/Li 

anode interface: (1) (electro)chemically stable interface of LLZO/Li anode, (2) suppressing 

the formation and growth of Li dendrite, and (3) accommodating and coordinating the 

volume change of Li anode during electrochemical cycling. These strategies (Figure 1.3a) 

can be classified into the following categories. 
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The “environment” control. It was found that the Li/LLZO interfacial kinetics and 

stability were temperature-dependent (Figure 1.4a), evidenced by the dramatically decreased 

interface resistance (from 5822 Ω cm2 at room temperature down to 514 Ω cm2 at 175 °C) 

and the increased critical current density from room temperature to 175 °C [29]. Besides, 

Wang et al. [27] demonstrated that high stack pressure of the Li/LLZO/Li cell can decrease 

the formation of the interfacial voids during cycling, which is beneficial to achieve intimate 

contact and a high critical current density.  

Interfacial modification methods. Interfacial structure modification is one of the 

most effective ways to maximize the physical contact and minimize the resistance. For 

example, Cheng et al. [16] fabricated the LLZO heterostructure solid electrolytes with 

different surface microstructures and found that a simple surface grain size decrease can lead 

to a very low interfacial resistance of 37 Ω cm2 and improved cycling performance (Figure 

1.4b). Many surface chemistry control procedures for removing the surface contaminants, 

such as LiOH or Li2CO3 layer, have been demonstrated to be very effective for a dramatic 

increase in Li wetting (Figure 1.4c). By the surface wet polishing and heat treatment, Sharafi 

et al. [19] reported a significantly reduced interfacial resistance of 2 Ω cm2, comparable to 

solid-liquid interfaces in Li-ion cells. Introduction of a liquid phase at the interface such as 

ionic liquid electrolyte (ILE) is also a good strategy. By adopting the mixture of N‐butyl‐N‐

methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI) and lithium bis(trifluoromethane‐

sulfonyl)imide (LiTFSI) salts as the ILE, Pervez et al. [30] reported that the ILE improves the 

LLZO/Li contact and results in more homogeneous deposition of Li, suppressing the dendrite 

growth even at high current densities of 0.3 mA cm-2 (Figure 1.4d). Taking advantages of 

various alloy reactions between Li and metal/metallic oxides like Al2O3 [31], Si [32], Au 

[17], Al [33], Ge [34], ZnO [35], Sn [36], Ag [37], Cu [38], Cu6Sn5 [39] and so on to form an 

intermediate Li-metal alloy thin interlayer is another well-used strategy to tune the 
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wettability of the garnet surface and achieve a good LLZO/Li contact to decrease the 

interfacial impedance. For example, Han et al. [31] applied an ultrathin Al2O3 layer by ALD 

to help the molten Li metal conformally coat the garnet surface with no interfacial void space 

compared to the counterpart without ALD coating. With the enhanced wetting behavior of 

molten Li and effective Li+ transport at the lithiated-Al2O3 interface, the Al2O3 layer enables a 

remarkable decrease of interfacial impedance, from 1710 Ω cm2 to 1 Ω cm2. By utilizing a 20 

nm Ge layer (Figure 1.4e), a conformal LLZO/Li interface with decreased interfacial 

resistance (~115 Ω cm2) arising from an Li-Ge alloying reaction was also well studied [34]. 

For the preparation of similar interlayers, ALD offers practical potential to scale up, modify 

and customize. Apart from the above interlayers, Shao et al. [40] proposed an ultra-simple 

strategy of just drawing a graphite-based soft interlayer with a graphite pencil (Figure 1.4f). 

The graphite interlayer not only can be lithiated to form LiC6 with good lithium ionic and 

electronic conductivity, but also provides an intimate connection at interface and exhibits 

excellent stability owing to the ductile and compressible nature of graphite materials. The Li-

ion conducting polymer interlayer is another alternative strategy to avoid the solid-solid 

LLZO/Li interface benefitting from the flexible and cohesive nature of the polymer materials 

[41-43]. Goodenough et al. [44] chose a cross-linked poly(ethylene glycol) methyl ether 

acrylate (CPMEA) polymer as the interlayer for the polymer/ceramic/polymer sandwich 

electrolyte (Figure 1.4g), and the constructed all-solid-state LiFePO4/Li cell delivered a high 

Coulombic efficiency of 99.8-100% over 640 cycles. The polymeric interlayers help to 

construct a conformal interface and form a more uniform Li+ flux across the interface, leading 

to the much smaller interfacial impedance and Li-dendrite suppression. 

Introduction of additives into LLZO. To understand the additive effect on the 

interface stability, Xu et al. [45] introduced Li3PO4 as an additive into LLZO to stabilize the 

Li/LLZO interface (Figure 1.4h). They found that the outstanding interface stability was due 
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to the in situ formation of a self-limiting and Li+-conducting Li3P interphase near the grain 

boundaries through the reaction of the Li+ flux with Li3PO4. 

Modification of Li anode. There are also several effective strategies to solve the 

interfacial issues from an electrode chemical/structural design perspective [46-50]. For 

example, Wen et al. [47] incorporated 5 wt.% two-dimensional boron nitride (BN) 

nanosheets into Li metal to form Li-BN nanosheet composite anode (Figure 1.4i), enabling a 

low interfacial resistance of 9 Ω cm2 compared to that of bare Li/LLZO interface (560 Ω cm2) 

and a high critical current density of 1.5 mA cm-2. Liu et al. [51] employed a three-

dimensional Li-rGO composite electrode with a flexible PEG interphase to address the 

obstacles of the Li metal solid-state batteries. Due to the increased surface area of the rGO 

matrix and flowable PEG interlayer, this electrode enabled reduced interfacial fluctuation and 

the maintaining intimate electrode-electrolyte contact during cycling. The solid-state full cell 

using a three-dimensional Li-rGO electrode with LLZO electrolyte and high-mass loading 

LiFePO4 cathode showed a much smaller charge/discharge overpotential and a superior rate 

capability compared to planar Li foil. In addition, Li-Sn [48], Li-C [49] and Li-Na [50] 

composite anodes also show a dramatic modification in wettability with garnet SSE and 

deliver an obvious decrease of the interfacial resistance. 

Interfacial architecture engineering methods. A porous-dense-porous tri-layer 

LLZO electrolyte architecture (Figure 1.4j) by tape casting was proposed by Wachsman et 

al. [52-54], in which the dense layer serves to block the Li dendrite and the porous layer 

provides not only large-area electrode supports but also increased mechanical strength. They 

first studied the plating/stripping behavior of the Li anode with this tri-layer LLZO 

architecture [52], then a small interfacial resistance of 25 Ω cm2 and a high current density of 

1 mA cm-2 of the Li-symmetrical cell was demonstrated [53]. Finally, this architecture 



13 

 

enabled a large-format Li-S cell exhibiting a specific energy of 1244 mAh g-1 sulfur and an 

energy density of 195 Wh kg-1 based on total cell mass [54]. 

 

Figure 1.4. (a) The resistance of the Li-LLZO interface as a function of temperature during 

heating and cooling [29]. (b) Nyquist plot of Li/LLZO/Li symmetrical cells [16]. LLZO 

pellets with grain sizes averaging 20-40 μm across (designated as LLZO_SG) and pellets 

with grain sizes about 100-200 μm across (designated as LLZO_LG). (c) Contact angle 

measurements of molten metallic Li on (up) LLZO after dry polishing and (down) LLZO 

after wet polishing and heat treatment at 500 °C [19]. (d) Li stripping/plating voltage profiles 

of symmetric Li/LLZO/Li cells with ILE at 25 °C [30]. (e) Schematic of the experimental 

design and photographs, where Li metal was loaded onto the Ge‐modified LLZO pellet and 

reacted with Ge layer [34]. (f) Schematic of the preparation of graphite-based interface layer 

simply by drawing with a pencil and comparison of the wetting behaviors of molten metal 

lithium on LLZO ceramics with and without graphite-based interface layer [40]. (g) 

Illustration of the electric potential profile across the sandwich electrolyte in the charging 

process of a Li/LiFePO4 cell [44]. (h) Schematic of the role of Li3PO4 in suppressing Li 

dendrites in Li-LLZO cells [45]. (i) Schematic of the preparation process of BNNS, Li-BNNS 

composite, and contact comparison between Li-BNNS/LLZO and pure Li/LLZO interface 

[47]. (j) Side-view SEM image of the pristine 3D ion-conductive host [52]. Inset is schematic 

of the 3D ion-conductive host for studying Li-ion plating/stripping. 

1.2. LLZO/Cathode interfaces 

1.2.1. Chemical and electrochemical stability challenges of LLZO/cathode interface 

Regarding the Li-containing cathodes, the LLZO/cathode interfacial (electro)chemical 

reactions are summarized as follows (Table 1.2). To achieve a strong bonding of solid oxide 

electrolytes and cathodes, sintering or thermal treatment at elevated temperatures is usually 



14 

 

required. However, it was found that the high-temperature co-sintering process can induce 

mutual elemental diffusion at the interface, and the reaction layer at the interface affects 

lithium insertion/extraction, further the electrochemical performance of SSBs [55, 56]. For 

instance, Thangadurai et al. [57] reported that garnet-like Li6BaLa2Ta2O12 is stable against 

chemical reaction with LiCoO2 up to 900 °C, whereas LiNiO2, LiMn2O4, and Li2MMn3O8 (M 

= Fe, Co) are unstable with Li6BaLa2Ta2O12 and can form perovskite-like compounds at 

above 400 °C. Kim et. al [55] observed the gradually changed concentration gradients of 

some of the elements (Co, La, and Zr) across the reaction layer (∼50 nm) between LiCoO2 

and LLZO, which contained a new phase, La2CoO4 (Figure 1.5a). Park et. al [56] found that 

the diffusion of Al from LLZO to LiCoO2, which resulted in the consequential transformation 

from cubic LLZO to tetragonal LLZO due to the Al loss at the LLZO/LiCoO2 interface 

(Figure 1.5b), affecting the initial Coulombic efficiency and cycle life. Interfacial 

decomposition processes of LLZO/LiCoO2 were also investigated as a function of 

temperature. It was concluded that severe cation interdiffusion and structural changes starting 

from as low as 300 °C. After annealing at 500 °C, the interfacial impedance even increased 

significantly to 8 times that of the as-deposited samples thanks to the possible formation of 

low Li+ conductive LaCoO3, La2Zr2O7, and LiCO3 (Figure 1.5c) [58]. Chemical reactions 

between Li6.75La3Zr1.75Ta0.25O12 and four major cathode materials (LiFePO4, LiMn2O4, 

LiCoO2 and LiNi0.33Co0.33Mn0.33O2) were also investigated by Ren et al. [59]. LiFePO4 and 

LiMn2O4 reacted with Li6.75La3Zr1.75Ta0.25O12 at ~500 °C, whereas LiCoO2 and 

LiNi0.33Co0.33Mn0.33O2 reacted with Li6.75La3Zr1.75Ta0.25O12 at ~700 °C, which lead to the 

formation of LaCoO3 and LaCo1−xMnxO3. Decomposition of the high voltage spinel cathodes 

(Li2NiMn3O8, Li2FeMn3O8, and LiCoMnO4) and oxide electrolytes (Li6.6La3Zr1.6Ta0.4O12) 

mixtures was also studied and found that the decomposition temperature is as low as 600 °C, 

significantly lower than that of any component, especially the electrolytes (~1600 °C for 
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LLZO) (Figure 1.5d). The decomposition also leads to high impedance interfacial products 

Li2MnO3, La2Zr2O7, La2O3, La3TaO7, and LaMnO3 [6]. 

DFT simulations also confirmed a few deteriorative interfacial reactions between 

different kinds of cathode materials and LLZO electrolyte [60]. Over the battery operation 

voltage range, the Ceder’s group used the DFT method to predict the reactivity of LLZO with 

LiCoO2, LiMnO2, and LiFePO4 and found that LLZO/LiCoO2 is the most stable while 

LiFePO4 reacts strongly with LLZO (Figure 1.5e) [61]. Hänsel et. al [62] also observed an 

irreversible reaction between Li6.4Ga0.2La3Zr2O12/LiMn1.5Ni0.5O4 starting at ∼3.8 V during 

charging, which is close to the edge of the intrinsic stability window of LLZO. Compared to 

the co-sintering, low-temperature PLD (pulsed laser deposition) deposition of LiCoO2 on 

Li6.75La3Zr1.75Nb0.25O12 showed stable cycling, with the interfacial resistance comparable to 

that of LIBs with liquid organic electrolytes [63]. Although most research focused on 

chemical decomposition of the sensitive electrolyte/cathode interphase during high sintering, 

electrochemical decomposition during cycling should not be overlooked, further research of 

the LLZO/cathode interface over the battery cycling is also expected. 
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Figure 1.5. (a) Cross-sectional TEM image of an LLZO/LiCoO2 thin film interface and the 

EDS line profile obtained from the region indicated by the red arrow [55]. (b) Electron 

diffraction patterns of LLZO in LiCoO2/LLZO powder samples and TEM images of 

LiCoO2/LLZO and the corresponding EDS elemental map of Al [56]. (c) O K-edge X-ray 

absorption spectroscopy data for LLZO, LCO, and 60 nm-thick LCO film on LLZO in the as-

deposited state after annealing at 300 and 500 °C and synchrotron XRD spectra for the LLZO 

pellet and the 20 nm LCO film on LLZO in the as-deposited state and after annealing at 

500 °C [58]. (d) The reactivity of mixtures of high voltage spinel cathode materials 

Li2NiMn3O8, Li2FeMn3O8, and LiCoMnO4 co-sintered with Li1.5Al0.5Ti1.5(PO4)3 and 

Li6.6La3Zr1.6Ta0.4O12 electrolytes [6]. (e) Driving force for interphase formation between 

electrolyte, and cathode, with varying voltage from 0 to 5 V vs Li. The calculated intrinsic 

stability windows are marked along the bottom for reference [61]. 
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Table 1.2. The cathode/LLZO electrolyte interfacial reactions. 

Materials composition 

(SSE/Cathode) 
Reaction with cathode Reaction condition 

Characterization 

method 
ref 

Li7La3Zr2O12/LiCoO2 
~50 nm reaction layer consisting of 

La2CoO4 

LiCoO2 deposition at 

937 K for l h 
EDS/NBD in TEM [55] 

Li7La3Zr2O12/LiCoO2 

Elemental cross-diffusion and formation 

of the tetragonal LLZO phase at the 

interface 

LiCoO2 coating at 

973K 
XRD and TEM [56] 

Li6BaLa2Ta2O12/LiCoO2 Stable 

Powder mixture and 

400-900 °C 

annealing for 24 h in 

air 

XRD [57] 
Li6BaLa2Ta2O12/LiNiO2 

Perovskite-like structure La2LiTaO6 

decomposition products 
Li6BaLa2Ta2O12/LiMn2O4 

Li6BaLa2Ta2O12/Li2MMn3O8 (M = Fe, Co) 

Li7La3Zr2O12/LiCoO2 
La2Zr2O7, Li2CO3, and LaCoO3 

decomposition products 

300 and 500 °C 

annealing for 4 h in 

air 

XRD, XPS, and XAS [58] 

Li6.75La3Zr1.75Ta0.25O12/LiFePO4 
Li3PO4, iron oxide and La2Zr2O7 

decomposition products 

Powder mixture 

and > 500 °C 

annealing for 1 h in 

air or 92 vol.% Ar+8 

vol.% H2 XRD and Raman [59] 

Li6.75La3Zr1.75Ta0.25O12/LiMn2O4 
LaxZr1−xO2−x/2, La2Zr2O7 and 

La1−xMnO3±δ decomposition products 

Li6.75La3Zr1.75Ta0.25O12/LiCoO2 LaCoO3 decomposition products Powder mixture 

and > 700 °C 

annealing for 1 h in 

air  
Li6.75La3Zr1.75Ta0.25O12/LiNi0.33Co0.33Mn0.33O2 LaCo1−xMnxO3 decomposition products 

Li6.6La3Zr1.6Ta0.4O12/LiCoMnO4 

Li6.6La3Zr1.6Ta0.4O12 + LiMnCoO4 → O2 

+ La2MnCoO6 + La2O3 

+ La2Zr2O7 + La3TaO7 + Li2MnO3 + 

LiCoO2 

Powder mixture and 

600, 700, and 800 °C 

annealing for 1 h 

XRD and 

DTA/TG/MS 
[6] 

Li6.6La3Zr1.6Ta0.4O12/Li2NiMn3O8 
Li6.6La3Zr1.6Ta0.4O12 + Li2Mn3NiO8 → 

O2 + La2O3 + La2Zr2O7 
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+ La3TaO7 + LaMnO3 + Li2MnO3 + 

NiO 

Li6.6La3Zr1.6Ta0.4O12/Li2FeMn3O8 

Li6.6La3Zr1.6Ta0.4O12 + Li2Mn3FeO8 + O2 

→ La2Zr2O7 + La3TaO7 + LaFeO3 + 

Li2MnO3 + LiFeO2 

Li6.4Ga0.2La3Zr2O12/LiMn1.5Ni0.5O4 

a potential drop at around ∼3.8 V and 

continuous irreversible reactions at the 

electrolyte–electrode interface 

(Li loss, (Li0.35Ni0.05)NiO2 and Li2MnO3) 

during the first 

charging 

(electrochemical 

reaction) 

XRD [62] 

Li7La3Zr2O12/LiCoO2 
4 Li7La3Zr2O12 → 7 O2 + 2 La2O3 + 4 

La2Zr2O7 

Chemical reaction DFT [60] 

Li7La3Zr2O12/LiFePO4 

10 LiFePO4 + 3 Li7La3Zr2O12 → 7 

Li3PO4 + 3 LaPO4 + 5 Fe2O3 

+ 3 La2Zr2O7 

Li7La3Zr2O12/LiMnO2 
7 LiMnO2 + 2 Li7La3Zr2O12 → La2O3 + 

7 Li2MnO3 + 2 La2Zr2O7 

Li7La3Zr2O12/LiNiO2 
7 LiNiO2 + 2 Li7La3Zr2O12 → 2 

La2Zr2O7 + 7 Li2NiO3 + La2O3 

Li7La3Zr2O12/LiCoO2 La2O3 + La2Zr2O7 + Li2CoO3 when Li is available 

at 3 V 

(ΔφLFP > ΔφLMO > 

ΔφLCO) 

DFT [61] Li7La3Zr2O12/LiMnO2 La2O3 + La2Zr2O7 + Li2MnO 

Li7La3Zr2O12/LiFePO4 Li3PO4 + Fe2O3 + La2Zr2O7 + LaFeO3 
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1.2.2. Interfacial design to address LLZO/cathode interface stability challenges 

Apart from the (electro)chemical instability between the cathode material and LLZO 

discussed above, poor contact at the interface and interfacial stress/strain caused by volume 

change of the cathode materials during cycling [64, 65] will also result in the critical issue of 

high interfacial resistance at the LLZO/cathode interface. In recent years, various strategies 

(Figure 1.3b) have been explored to improve the LLZO/cathode interface stability as 

described in the following. 

Interfacial thermal annealing. To avoid the side reactions between LLZO/cathode 

interface associated with long-time sintering and achieve a good interface simultaneously, 

Liu et al. [66] applied a rapid thermal annealing technique to treat the LLZO/V2O5 cathode 

interface in only a few seconds. After inputting the current to a suspended rectangular piece 

of carbon paper, the cathode on the garnet electrolyte which was put beneath the carbon paper 

was rapidly heated to form a continuous and firm solid-solid contact with high thermal 

stability (Figure 1.6a). 

Composite cathodes. It has been reported that both LLZO and LiCoO2 are unstable 

when exposed to moist air and spontaneous to form conformal Li2CO3 coatings on the 

surfaces. Han et al. [67] took advantage of this inevitable side reaction to fabricate a 

composite cathode electrode by soldering LiCoO2 and LLZO together through a 

Li2.3−xC0.7+xB0.3−xO3 interphase with high ionic conductivity, resulted from the reaction 

between the Li2.3C0.7B0.3O3 solder and the conformal Li2CO3 coatings at 700 °C (Figure 

1.6b). The achieved all-solid-state Li/LLZO/LiCoO2 battery exhibited a low interfacial 
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resistance, leading to an extremely high electrochemical performance with a stable room-

temperature capacity of 94 mAh g−1 at 0.05C for 100 cycles. 

Introduction of additives into LLZO. The polymer additives can lead to dense and 

good mesoscopic interfaces between cathode and electrolyte layers [68, 69]. By incorporating 

4 wt.% polyacrylonitrile (PAN)-based gel polymer, Yoshima et al. [70] prepared a thin 

LLZO-based hybrid electrolyte (~3 μm), which enabled the reduced internal resistance of the 

whole cell. The fabricated 12 V-class bipolar battery composed of LiMn0.8Fe0.2PO4/LLZO-

based hybrid electrolyte/Li4Ti5O12 stacking cells exhibited 85 % capacity retention after 200 

cycles at 60 °C and operated in the wide temperature range of -40 °C to 80 °C (Figure 1.6c). 

Apart from the polymer additives, the ionic liquid is also a good choice [71]. 

Interfacial modification methods. To obtain the compatible LLZO/electrode 

interface, Xu et al. [72] included a small quantity of liquid electrolyte (LE, conventional 

carbonate-based liquid electrolyte with a superbase, n-BuLi) at both LLZO/electrode 

interfaces in Li/LLZO/LiFePO4 cells and achieved a cycling performance of 400 cycles at 

100 and 200 μA cm–2 at room temperature (Figure 1.6d). The addition of n-BuLi helps to 

impede the decomposition reaction of LE, and restrain the Li+/H+ exchange. Besides, it also 

boosts the lithiation process as well as inhibits parasitical reactions at the LLZO/LE interface. 

Kato et al. [73] demonstrated a thin film coating of Nb (∼10 nm) on the surface of the LLZO 

pellet to remedy the LLZO/LiCoO2 interfacial problem (Figure 1.6e). The Nb thin layer 

brings about the formation of a Li+ conductive Li-Nb-O amorphous interfacial phase, serving 

with three functions: (1) suppressing the extension of the mutual diffusion to form a non-Li+-
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conductive phase, (2) eliminating the voids and cavities at the interface, and (3) supplying 

enough high values of Li+ conductivity for Li+ transportation across the interface. Utilizing a 

polymeric interlayer at the LLZO/cathode interface is also a good strategy [44, 74, 75]. To 

modify the Ta-doped LLZO (LLZTO)/cathode interface, Lu et al. [76] introduced a plastic 

crystal interlayer based on LiTFSI doped-succinonitrile (SN) with a fluoroethylene carbonate 

(FEC) additive (Figure 1.6f). After integration of the interlayer with the cathode, the 

LLZTO/cathode interfacial resistance significantly dropped and the modified 

Li/LLZTO/LiFePO4 cell charges and discharges 50 times stably at room temperature with a 

specific capacity of 140 mAh g-1. 

Interfacial architecture engineering methods. Broek et al. [77] presented a porous 

LLZO-type electrolyte interface structure, which can intimately accommodate the electrode 

material and facilitate Li+ transfer at the interface (Figure 1.6g). By comparison of the 

electrochemical performances of the two model all-solid-state 

Li/Li6.25Al0.25La3Zr2O12/Li4Ti5O12 batteries with casted electrodes into the porous side of the 

pellet and onto the flat pellet, the interfacial structure engineered battery showed a clear 

decrease in resistance and a higher discharge capacity compared to that without interfacial 

engineering. Doeff et al. [78, 79] also employed 3D solid-state LLZO frameworks with low 

tortuosity pore channels as scaffolds to facilitate the infiltration of positive electrodes and 

construct ASSBs. 
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Figure 1.6. (a) Rapid thermal annealing process and its effect on the interfacial structure of 

garnet SSE and cathode [66]. (b) Schematics of the interphase-engineered all-ceramic 

cathode/electrolyte and cycling performance of the corresponding Li/LLZO/LCO cell at 0.05 

C at 25°C [67]. (c) Schematic and cross-section SEM image of a 12 V-class bipolar battery 

and the corresponding capacity retention and coulomb efficiency at 60°C [70]. (d) 

Schematics illustrating the effect of n-BuLi on stabilizing the SE/LE interface, capacity and 

efficiency of the LiFePO4/Li cell using hybrid electrolyte with n-BuLi at different current 

densities at room temperature [72]. (e) Schematic illustrations of non-modified and Nb-

modified LLZO/LiCoO2 interfaces [73]. (f) SEM images of the cathode/LLZO interface and 

schematic illustration of the Li+ fluxes at the interface without and with an interlayer [76]. (g) 

Schematic drawing, Nyquist plots and electrochemical tests at 95 °C of nonmodified and 

interface‐engineered all‐solid‐state battery based on c‐Li6.25Al0.25La3Zr2O12 solid electrolyte, 

and Li4Ti5O12 and Li‐metal electrodes [77]. 

1.3. In situ characterization techniques for LLZO/electrode interface 

Given the physical and (electro)chemical complexities of the solid-solid interface, 

understanding the SSE/electrode interface in SSBs is much more challenging compared to the 

traditional battery with liquid electrolytes. Although recognizing the critical role of the 

SSE/electrode interface in SSBs, few studies provided insights about the characterization of 

the interfaces. Among these studies, compared to the conventional ex-situ characterizations, 

in situ and/or operando analysis has enabled researchers to gain a real-time monitoring and 

in-depth understanding of the dynamic evolution of the buried and/or beam sensitive 

SSE/electrode interfaces under realistic battery operating conditions. The evolution might 
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include lithium dendrites formation and growth of interfacial decomposition products within 

SSEs or at localized sites near the interface. In this section, we summarize the state-of-the-art 

in situ and operando techniques for the characterization of the formation and evolution of the 

electrode/LLZO SSE interface in SSBs.. 

In situ optical microscopy. In situ optical microscopy is a simple and powerful 

technique to observe the dynamic evolution of Li penetration within SSEs. Through a real-

time observation by optical microscope under applied voltage bias in a Li/garnet/Li 

symmetrical cell with co-planar electrodes, Aguesse et al. [80] evidenced the failure model of 

plating-induced localized stress and Li infiltration [23]. With a combination of through-plane 

and in-plane visualization with operando optical microscopy and electron microscopy 

(Figure 1.7a), Dasgupta et al. [81] identified four distinct morphologies of Li filaments 

(straight, branching, spalling, and diffuse), illustrating that a single mechanism of failure is 

insufficient to understand the Li penetration in SSEs. Besides, this technique also realized a 

quantitative analysis of the Li-filament propagation rate and the dynamic evolution of the Li 

electrode during deep discharge. 

In situ electron microscopy. Chi and co-workers [10] employed an in situ STEM 

configuration coupled with spatially resolved electron energy loss spectroscopy (EELS) 

(Figure 1.7b) to enable a direct probing of LLZO/Li interface evolution upon in situ contact 

between c-LLZO and Li. Since the fine structure of the O K-edge can reflect the localized 

atomic bonding configurations of LiO6, LiO4, LaO8, and ZrO6 in LLZO, it was exploited to 

monitor the interphase change. With the detailed investigation, it was revealed that a cubic-
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to-tetragonal transition occurred at the interface resulting in a tetragonal-like LLZO 

interphase within five unit cells of c-LLZO.  

By in situ SEM techniques, Krauskopf et al. [82] reported that the model of lithium 

growth (whisker or dendritic growth) is sensitive to the surface morphology and homogeneity 

of the LLZO substrate, and defects on the garnet surface, like edges and grain boundaries, are 

preferable locations for lithium nucleation.  

In situ spectroscopy (Figure 1.7c). Wenzel and the co-workers have done many 

excellent investigations using the powerful in situ XPS technique to expand our perceptions 

on interfacial reactions and kinetics [83-85]. By in situ XPS, Liu et al. [86] also investigated 

the interface (electro)chemical stability of Li6.4Ga0.2La3Zr2O12 (Ga-LLZO) in contact with the 

Li anode and LiFePO4 cathode during charge/discharge cycles under ultra-high vacuum. As 

for the Li/Ga-LLZO interface, an ultra-thin interfacial passivation layer is formed upon Li 

vapor-depositing on Ga-LLZO and the oxidation of Li accompanied by a thicker passive 

layer occurs at the interface during the following charging process. However, the 

LiFePO4/Ga-LLZO interface shows stability during 100 charge/discharge cycles, which 

allows a reversible lithiation/delithiation reaction.  

In situ neutron depth profiling (NDP) (Figure 1.7d). NDP is another powerful in 

situ characterization technique for SSBs, enabling quantitative, non-destructive monitoring of 

the spatial distribution of Li elements under realistic battery operation conditions [87-90]. 

Han et al. [15] revealed that the residual electronic conductivity of LLZO and Li3PS4 SSEs is 

the origin of Li dendrite formation in SSBs using in situ NDP. Hu et al. [91, 92] successfully 
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utilized in situ NDP to monitor Li distribution and transport and further study short-circuit 

behaviors in Li/garnet/Li symmetric cells during stripping-plating. It was found that even a 

unilateral short-circuit in a Li-Li cell can be predictively diagnosed by the NDP technique, 

which is infeasible for electrochemical impedance spectroscopy (EIS) or other methods. For 

the first time, a reversible short-circuit behavior in the garnet-based SSBs was reported by in 

situ NDP and the underlying “dynamic short-circuiting” mechanism was confirmed.  

 

Figure 1.7. In situ characterization techniques for LLZO SSE/electrode interfaces. (a) In situ 

optical microscopy [81]. (b) In situ electron microscopy [10]. (c) In situ spectroscopy [83]. 

(d) In situ neutron depth profiling [91]. 

1.4. LLZO-based composite polymer electrolyte 

From the above introduction, although LLZO based inorganic SSEs possess many 

favorable properties, till now they are still facing many difficulties that have not yet been 

completely solved for their practical applications: (1) mechanically fragile when thin LLZO 

ceramic films are needed for higher gravimetric energy densities and (2) interfacial contact 
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issues and derived high interfacial resistance. In contrast, solid polymer electrolytes (SPEs) 

are flexible, processible, and could provide intimate interface contact and low interfacial 

resistance between the electrolyte and electrodes, but they suffer from low ionic conductivity 

at ambient temperature (10-7~10-6 S cm-1) and poor thermal and electrochemical stabilities. 

Taking complementary advantages of these two types of electrolytes, LLZO based composite 

polymer electrolytes (CPEs), in which LLZO ceramic fillers are incorporated into Li+ 

conductive flexible polymer matrix, have been considered favorably as one of more feasible 

strategies to develop high-performance ASSBs at present. After the combination, LLZO 

based CPEs can not only effectively improve the interfacial contact but also exhibit a higher 

ionic conductivity, Li+ transference number, and enhanced thermal and electrochemical 

stability [93]. 

1.5. Surface modification of cathode materials 

Considering the current hindrances from scientific to engineering perspectives for the 

practical application of SSEs, there is still a long way to achieve the commercialization of 

oxide-based SSBs. Therefore, to meet the increasing demand for EVs, developing strategies 

to improve the existing LIBs should not be overlooked. For the current LIBs, the energy 

density of the whole battery is limited by the capacity of cathode. However, undesired 

reactions occurred at the interface between the prevailing layered lithium transition metal 

oxide cathodes (i.e., LiNi1-x-yCoxMnyO2) and the nonaqueous electrolyte, especially at high 

potentials (> 4.3 V vs Li/Li+), could rapidly weaken the rate capacity and cyclability of the 

battery and lead to compromised durability [94]. Therefore, suppressing the parasitic 

reactions and maintaining a stable electrode-electrolyte interface are important for LIB to 
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deliver sustainable high capacity and energy density. Among various methods aiming to 

stabilize the electrode-electrolyte interface, surface modification is the most straightforward 

approach by creating a protective layer on the surface of cathode particles, which can 

minimize the direct contact of the cathode material with corrosive liquid electrolyte and 

effectively improve rate capability, capacity retention, and even thermal stability of the 

battery [95]. 

1.6. Scope and outline of the dissertation 

The overall goal motivating this research is to develop high-performance lithium-ion 

batteries based on LLZO based solid-state electrolytes with high ionic conductivity and good 

electrode/electrolyte interfacial compatibility, as well as stable cathode-electrolyte interface. 

In this dissertation, Chapter 2 briefly introduces the materials synthesis and 

experimental techniques. Chapter 3 explores a low-temperature synthesis strategy to achieve 

cubic phase LLZO via a combination of sol-gel synthesis and high-energy ball milling 

induced phase transition. This chapter also provides the basis for the whole battery 

applications of LLZO in Chapters 5 and 6. Chapter 4 describes the effect of facial B2O3 

surface modification on the electrochemical performance of LiNi1/3Co1/3Mn1/3O2 cathode and 

discusses the role of surface modification for the cathode-electrolyte interface. This chapter 

also provides the experimental basis of battery assembly for the following chapters. Chapter 

5 focuses on revealing the effects of LLZO ceramic filler distribution and doping elements 

(Al and Bi) on the ambient-temperature electrochemical properties of poly(vinylidene 

fluoride) based composite polymer electrolytes. Solid-state battery performances based on 

these composite polymer electrolytes were compared. In Chapter 6, the effects of processing 
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parameters on the densification and ionic conductivity of low-temperature sintered Bi-doped 

LLZO solid-state electrolytes were studied. The effects of succinonitrile-based plastic-crystal 

interlayer and composition of cathode electrode on the stability of the LLZO/electrode 

interface and performance of LLZO based all-solid-state batteries were examined. Chapter 7 

provides conclusions of the work performed and suggestions for future work. 
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CHAPTER 2: EXPERIMENTAL METHODS 

2.1. Materials synthesis 

2.1.1. Pechini sol-gel method  

The Pechini method has been used to synthesize highly homogeneous and finely 

dispersed oxide materials based on the principles of sol-gel chemistry [1]. Generally, sol-gel 

method is suitable for single cation systems like SiO2 and TiO2, but is not applicable for 

systems involving multiple cations, which have different hydrolysis and condensation rates. 

However, the Pechini method is an effective approach, which entraps the mixture of cations 

into a covalent polymer network to delay the thermal decomposition of the organic matrix in 

order to afford more control over the growing multi-cation oxide powder products [1]. In a 

typical Pechini synthesis process, multiple metal salts are dissolved in water with citric acid 

to surround aqueous cations and sterically entrap them. Then ethylene glycol is added to form 

a homogeneous precursor solution containing metal-citrate chelate complexes. After heating 

this solution to initiate poly-esterification between the citrate and ethylene glycol, an 

extended covalent network is formed to immobilize the chelated cations. Finally, the polymer 

network is heated in a furnace to combust the organic content and form the multi-cation oxide 

powder product with homogeneously dispersed cations [2]. 

Detailed synthesis procedures for the Li7La3Zr2O12 and cathode materials using the 

Pechini method are described in the experiment sections of the following chapters.
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2.2. Experimental techniques 

2.2.1. X-ray diffraction 

 

Figure 2.1. Photograph of the Philips X’Pert MRP XRD. 

X-ray diffraction (XRD) is a nondestructive technique for analyzing the crystal 

structures, phases, preferred crystal orientations, and other structural parameters, such as 

crystallinity, average crystalline size, strain and so on. XRD instruments basically consist of 

an X-ray source (tube), a sample placement holder, and an X-ray detector. Firstly, the 

electrons from a cathode ray tube are accelerated towards the heavy metal target with an 

applied voltage. After the electrons interact with target material to activate and knock out 

inner shell electrons of the target material, characteristic X-ray spectra are generated. The 

most general components of these spectra are Kα and Kβ [3]. Then monochrometers are used 

to filter electrons to produce monochromatic X-rays, which are aligned and directed towards 

the sample. When the geometry of the incident X-rays hitting the sample satisfies the Bragg 

Equation (Eq. 2.1), constructive interference occurs, and the signals of electrons form 

diffraction peaks. 

2𝑑 sin 𝜃 = 𝑛𝜆                                                                                                           (2.1) 

where n is the integer, 𝜆 is the wavelength of X-rays, d is the spacing between each 

lattice and 𝜃 is Bragg angle which is the angle of incidence.  

In this research, XRD analysis was carried out on a Philips X’Pert MPD 

diffractometer (Figure 2.1) using a Cu Kα radiation source (λ= 0.154 nm). The diffraction 
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patterns were collected in a 2θ range between 10° and 90° with a step size of 0.05°/min. 

2.2.2. X-ray Photoelectron Spectroscopy 

 

Figure 2.2. Photograph of the Kratos Axis Ultra DLD XPS. 

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

which is used to identify the chemical compositions of the surface of a material, and also 

determine the binding states of the elements. A typical XPS instrument contains an X-ray 

source, an ultra-high vacuum (UHV) chamber, an electron collection lens, an electron energy 

analyzer, and an electron detector system. Two common X-ray sources are Mg Kα (hν = 

1253.6 eV) and Al Kα (hν = 1486.6 eV). In a photoelectron emission process, firstly, X-rays 

interact with the electrons in the atomic shell and photoelectrons are generated. Then part of 

these electrons travel through the bulk to the surface and undergo various scattering 

processes. Finally, after overcoming the work function threshold, electrons reaching the 

surface are emitted in the vacuum. The escaped electrons are collected by the electron 

collection lens, and their energies are analyzed by the energy analyzer and the intensity is 

measured by the electron detector. Then Eb, the electron binding energy of the emitted 

electrons can be determined according to the photoelectric effect equation (Eq. 2.2) [4]: 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − 𝜙𝐴                                                                                             (2.2) 

where hν is the energy of the X-ray with particular wavelength, Ekin is the kinetic 

energies of the emitted electrons, and ΦA is the work function of the analyzer. Typically, an 
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XPS spectrum is plotted as the number of electrons versus their binding energy. Due to the 

specific atomic orbital configuration for one element, the binding energy is unique to each 

element so this binding energy can be used to identify the elements within the sample (near 

surface). The area under a peak in the spectrum is a measure of the relative amount of the 

element represented by that peak. Apart from the elemental analysis, a chemical shift, the 

change in binding energy of a core electron of an element due to a change in the chemical 

bonding of that element, is also used to determine the chemical states of the element within 

different samples.  

In this research, XPS analysis was carried out on a Kratos Axis Ultra DLD 

spectrometer (Figure 2.2) using monochromatic Al Kα radiation (hν = 1486.6 eV) under 

ultra-high vacuum (10−10 torr). The effects of charging were corrected with respect to the 

carbon peak C 1s (284.8 eV). The fitting and deconvolution of peak spectra were conducted 

by the XPSPEAK41 software, using Gaussian−Lorentzian line shape and Shirley background 

subtraction. 

2.2.3. Scanning electron microscopy with energy dispersive X-ray spectroscopy 

Scanning electron microscopy (SEM) is a type of electron microscope providing 

information about the surface morphology and the chemical composition of the sample via 

various signals and detectors by scanning the surface with a focused beam of electrons in a 

raster scan pattern. In SEM, two types of signal are typically detected: the backscattered 

electrons (BSE) and the secondary electrons (SE). Due to the low energy of SE, they 

originate from the surface or the near-surface regions of the sample. Thus SE are very useful 

to determine the sample surface morphology with the help of a secondary electron detector 

(Everhart-Thornley detector, ETD). BSE are reflected back after elastic interactions between 

the beam and the sample and detected by back-scattered detectors. BSE come from deeper 

regions than SE within the sample and the intensity of the BSE signal is strongly dependent 
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on the (average) atomic number (Z) of the sample [5]. The higher the atomic number is, the 

brighter the material appears in the image. Thus BSE images can provide information about 

the distribution of different elements in the sample through the contrast of images. 

 

Figure 2.3. Photograph of the Thermo Scientific Apreo SEM. 

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for the 

elemental analysis or chemical characterization of samples. The fundamental principle is that 

each element with a unique atomic structure can produce unique set of peaks on its X-ray 

spectrum after excitation. When an electron in an inner shell (lower energy) is excited and 

ejected, an electron hole is created [6]. Then an electron from a higher binding energy 

electron level falls into the core hole and an X-ray with the energy of the difference between 

the higher-energy shell and the lower energy shell is emitted. As the energies of the X-rays 

depend on the difference in energy between the two shells and on the atomic structure of the 

emitting element, EDS enables the characterization of the elemental composition of samples. 

In this research, the morphology and chemical composition characterization were 

carried out on a field-emission SEM (Apreo FE-SEM, ThermoFisher Scientific) equipped 

with an energy dispersive X-ray spectrometer. 5/10 kV and 20 kV acceleration voltages were 

used for SEM imaging and obtaining EDS spectrum, respectively. 
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2.2.4. Transmission electron microscopy 

 

Figure 2.4. Photograph of the FEI Tecnai F20 TEM. 

Transmission electron microscopy (TEM) is another powerful electron microscopy 

technique, which forms an image from the interaction of the electrons with the sample as the 

beam is transmitted through the very thin specimen. The basic operation principles of TEM 

are the same as the light microscope except using electrons instead of light. However, the 

wavelength of the electron beam (0.0037 to 0.0025 nm corresponding to the accelerating 

voltages of 100 to 200 kV), which is used as a “light” source in the electron microscope and 

is much smaller than the wavelength of visible light (400 to 800 nm). Thus, the resolution of 

TEM images is many orders of magnitude better than that from a light microscope, enabling 

TEM to reveal the finest details of microstructure, even to distinguish the arrangements of 

atoms. 
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Imaging, diffraction, and spectroscopy are the three common modes used in TEM 

techniques. In an imaging process, firstly, the beam of electrons accelerated by an electron 

gun is focused into a small and coherent beam with the condenser lens. Then the electrons 

strike the specimen and part of these electrons transmits through the thin specimen. Finally, 

with the help of the objective lens, the transmitted electrons form an image on the image 

plane, which can be recorded by charge coupled device (CCD) camera. In the diffraction 

mode, after the transmitted electrons pass through the objective lens, the diffraction pattern is 

formed on the back focal plane of the objective lens, where the diffracted electrons through 

the specimen are focused into diffraction spots. Once the electron diffraction pattern is 

obtained, if more than two beams (transmitted beam and diffracted beam) on the back focal 

plane are selected by an objective lens aperture, the observation mode called high-resolution 

transmission electron microscopy (HRTEM) is obtained. Due to the differences of phase of 

the transmitted and diffracted beams, the image achieved in this mode is called the phase 

contrast image. Another important observation mode is scanning transmission electron 

microscopy (STEM), in which a focused convergent electron beam or probe rasters across the 

surface of specimen and then a serial signals are collected point-by-point to form an image. In 

STEM, using a high angle annular dark field (HAADF) detector, an atomic resolution image 

with atomic number contrast (Z-contrast image) can be obtained. One of the advantages of 

STEM over TEM or HRTEM is enabling the use of other signals that can be spatially 

correlated in STEM, such as characteristic X-rays and electron energy loss spectrum. Thus, 

these signals can simultaneously allow visualized correlation of images with composition and 

electronic structure data from elemental mapping by EDX spectroscopy, or electron energy 

loss spectroscopy (EELS). 

In this research, TEM and HRTEM images were obtained on a FEI Tecnai F20 FEG-

TEM instrument (Figure 2.4) equipped with a CCD camera and operated at 200 kV. 
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2.2.5. Cyclic voltammetry 

 

Figure 2.5. Cyclic voltammogram for an electrochemically-reversible one-electron redox 

process [7]. 

Cyclic voltammetry (CV) is a powerful and ubiquitous electrochemical technique to 

study the redox processes, measure ion diffusion, and investigate electron transfer-initiated 

chemical reaction kinetics [8]. In the CV technique, it sweeps potential at a working electrode 

versus reference electrode in forward and reverse directions while monitoring the current, and 

this process might be repeated several times at different scan rates. The obtained ‘duck-

shaped’ profile is called a cyclic voltammogram and a representative cyclic voltammogram 

for a simple reversible process is shown in Figure 2.5. Initially, the anodic scan starts from 

open circuit potential and the potential is not sufficient to oxidize the reduced species (R), so 

only capacitive current (non-Faraday current) appears. As the oxidation potential is reached, 

oxidation starts while R is being consumed at the working electrode surface. Simultaneously, 

a concentration gradient of R near the electrode surface forms and the diffusion of R from the 

bulk solution to the electrode surface begins. Then the anodic current presents, which is 

proportional to the concentration gradient. As the potential becomes more positive, the 

surface concentration of R will decrease and be depleted corresponding to the maximum 

concentration gradient. Then the anodic peak appears, which gives the anodic peak current, 

ipa, and anodic peak potential, Epa. As the potential continues to be more positive, the current 

begins to decrease due to the depletion effect [9]. For the opposite scan (cathodic scan), 
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where reduction happens, the cathodic peak current, ipc, and cathodic peak potential, Epc are 

obtained. If the electrochemical process is reversible with stable products, |𝑖𝑝𝑎| equals to 

|𝑖𝑝𝑐|, which is independent of scan rate and applied potential limits. 

In this research, CV test was carried out on a Gamry interface 1010E electrochemical 

workstation equipped with a battery holder for coin cells (Figure 2.6). 

 

Figure 2.6. Photograph of the Gamry interface 1010E electrochemical workstation. 

2.2.6. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a electrochemical technique to 

probe the impedance characteristics of a electrochemical system using small amplitude, 

alternating current (AC) signal, which is a powerful tool to study the electrochemical 

reactions and the dielectric and transport properties of materials [10]. 

In a general EIS measurement, a small AC excitation potential is usually applied to an 

electrochemical cell and the response current signal through the cell will be measured 

simultaneously. The excitation potential is in the form of Et=E0 sin(ωt), where Et is the 

potential at time t, E0 is the amplitude of the potential signal and ω is the radial frequency. In 

a linear system, the current response, It, will be a sinusoid at the same frequency but shifted 

in phase (Φ) and has a different amplitude of I0, which has the form It=I0 sin(ωt+Φ) [11]. 

The calculated ratio of the potential perturbation over the current response is the impedance 

of the system, which is a frequency-dependent complex number and can be expressed as 
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Z(ω)=E/I=Z0(cosΦ+jsinΦ)=Zreal+jZimag. Collected data can be interpreted in two forms of 

plots, the Nyquist plot and the Bode plot. The most important is the Nyquist plot, where the 

real part is plotted on the x-axis and the imaginary part is plotted on the y-axis, because it 

contains information about capacitance and resistance synchronously. 

Up till now, the main analysis method of the EIS data is fitted to an equivalent circuit 

model which includes basic circuit elements such as resistors, capacitors, inductors, constant 

phase elements, and diffusion elements. The impedance of these elements are summarized in 

Table 2.1. As an element to describe Faradaic charge transfer reactions across interfacial 

layers, Resistors, is usually used to represent a resistance of electron transfer from the 

electrode surface into an electrolyte solution or vice versa [12]. Capacitance is used to model 

the non-Faradaic charge which accumulates at solid/solid and solid/liquid interfaces, such as 

contacts between neighbor active particles, contacts between active materials and a 

conductive substrate, and the electrical double-layer at the solid/solution interface [12]. If the 

capacitive characteristics are far from those of an ideal capacitor, the constant phase element 

is used to model this. Since the capacitances of lithium-ion battery components are nonideal, 

it is more accurate to replace them with a constant phase element. Warburg elements are used 

to model diffusion of mobile charges within electrodes and in solution. 

In this research, EIS test was carried out on a Gamry interface 1010E electrochemical 

workstation equipped with a battery holder for coin cells (Figure 2.6). 

Table 2.1. Summary of circuit elements used in the equivalent circuit model. 

Equivalent Element Formula 

Resistance (R) R 

Capacitance (C) 1/jωC 

Inductance (L) jωL 

Warburg Impedance (W) σω -1/2 - jσω -1/2, σ (Warburg coefficient) 

Constant Phase Element (CPE) 1/Q(jω)α (α = 1 for ideal capacitor) 
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2.2.7. Galvanostatic intermittent titration technique 

Galvanostatic intermittent titration technique (GITT) is a commonly used 

electrochemical technique to determine the chemical diffusion coefficient, as well as 

thermodynamic information for the electrode active material [13]. In a GITT measurement, a 

half cell composed of lithium metal as counter and reference electrode, electrolyte and 

positive (working) electrode is usually employed. During the measurement, a current is 

applied in pulses followed by a period of relaxation, during which the current is not applied. 

For example, at the beginning of a positive current pulse (Figure 2.7), the potential will 

abruptly increases to a value. Then the potential would increase slowly during the applied 

current pulse. After a time interval τ, the current is interrupted. Subsequently, the potential 

will drop abruptly and then continue to decreases until reaching an equilibrium potential. 

Then the sequence of a current pulse followed by relaxation repeats until the cut-off potential 

is reached. [14] 

 

Figure 2.7. Current and voltage response of a single GITT step [13]. 

The diffusion coefficient can be calculated at each step with the following equation 

(Eq 2.3): 

𝐷 =
4

𝜋
(

𝐼0𝑉𝑀

𝑆𝐹𝑛
)

2

[
(

𝑑𝐸
𝑑𝑥

)

(
𝑑𝐸

𝑑√𝜏
)

]

2

  (𝜏 ≪ 𝐿2 𝐷⁄ )                                                            (2.3) 
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Where I0 is the current, VM is the molar volume of the electrode material, and S is the 

area of the electrode. 
𝑑𝐸

𝑑𝑥
  is the change in potential from the stoichiometric change of the 

mobile species during the applied current. If a small amount of current is used, this can be 

approximated to 
∆𝐸𝑠

∆𝑥
. This expression can be simplified once more time if E vs. √𝜏 shows the 

expected straight line behavior over the entire time period of the current flux. 
𝑑𝐸

𝑑√𝜏
  can be 

simplified to 
∆𝐸𝜏

√𝜏
. 

𝐷 =
4

𝜋𝜏
(

𝑚𝐵𝑉𝑀

𝑀𝐵𝑆
)

2

(
∆𝐸𝑠

∆𝐸𝜏
)

2

  (𝜏 ≪ 𝐿2 𝐷⁄ )                                                            (2.4) 

It is important to know that Eq 2.3 and 2.4 are valid when τ << L2/D where L is the 

thickness of the electrode. In this research, GITT test was carried out on a Gamry interface 

1010E electrochemical workstation equipped with a battery holder for coin cells (Figure 2.6). 
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CHAPTER 3: LOW-TEMPERATURE SYNTHESIS OF CUBIC PHASE Li7La3Zr2O12 VIA 

SOL-GEL AND BALL MILLING INDUCED PHASE TRANSITION 

 

Published Work Disclosure: This chapter is based on previously published paper (J. 

Li, Z. Liu, W. Ma, H. Dong, K. Zhang, R. Wang, Low-temperature synthesis of cubic phase 

Li7La3Zr2O12 via sol-gel and ball milling induced phase transition, J. Power Sources, 412 

(2019) 189-196). 

3.1. Introduction 

Rechargeable lithium-ion batteries (LIBs) have been widely used in human life 

nowadays from plug-in electric vehicles, portable electronics to large-scale energy storage 

devices [1, 2]. However, commercialized LIBs have disadvantages such as overheating and 

catching on fire due to the utilization of liquid organic electrolytes [3]. To expand the 

applications of LIBs, the development of solid-state lithium-ion conductive electrolyte 

materials, which are nonflammable, more durable for high temperature, more resistive to 

lithium dendrite and have wider electrochemical operating voltage window, is urgently 

needed [3-5]. Among the various types of solid-state lithium-ion conductive electrolyte 

candidates, the garnet-type Li7La3Zr2O12 (LLZO) has attracted significant attention due to its 

high ionic conductivity and superior electrochemical stability corresponding to a wide 

electrochemical window [6, 7]. 

The garnet-type LLZO has two phases: tetragonal (t-LLZO, space group I41/acd) and 

cubic (c-LLZO, space group Ia3̅d) [8, 9]. The typical conductivity of the tetragonal phase 

(10−6 ~ 10−7 S cm−1) is much lower than the cubic phase (10−3 ~ 10−4 S cm−1) [8, 10]. 

Generally, LLZO is prepared via conventional solid-state reaction using LiOH or Li2CO3, 

La2O3, and ZrO2 [7, 10]. To synthesize the more conductive cubic phase of LLZO, long 
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sintering (>24 h) at high temperatures (>1200 °C) has been thought to be the key factor 

controlling the phase transition from tetragonal to cubic. In addition, Geiger et al. [11] 

reported that Al “contamination” from the crucible may be the key aspect in stabilizing the 

cubic phase. Sakamoto et al. [12] reported that small amounts of added Al effectively 

stabilize the thermodynamically unfavorable cubic phase at room temperature. 

For practical applications, many researchers have focused on low-temperature and 

time-efficient methods for the synthesis of c-LLZO, most frequently utilizing the sol-gel 

method [13-15]. The advantage of this method is that precursors can react completely at 

lower temperatures and in shorter time, without the need for intermittent grinding, and this 

synthesis route typically yields finer powders with a more uniform size distribution. Jin et al. 

[16] reported that with optimal additions of Al (e.g. 1.2 wt.%), Li7La3Zr2O12 electrolyte 

prepared by a polymerized complex (Pechini) method and sintered at 1200 °C for only 6 h 

showed an ionic conductivity of 2.0 × 10−4 S cm−1 at room temperature. 

Based on the above observations, to form the c-LLZO from sol-gel method, a thermal 

treatment at high temperature afterwards is essential. High energy ball-milling is a practical 

way of inducing phase transitions, chemical reactions, and changes in the reactivity of solids 

[17]. For example, Mocellin et al. [18] reported that the phase transition induced by high-

energy ball milling from anatase TiO2 to rutile TiO2 occurs without fracturing of particles. 

Kim et al. [19] reported that boron nitride (BN) intercalation compound with lithium was 

synthesized by mechanical milling of small lithium metal pieces and h-BN powder. The 

advantage of ball milling is easy handling, the possibility to produce large quantities of 

materials, and the applicability to a wide range of different classes of materials. Moreover, 

reliable parameter control ensures reproducible results. 

In this work, we explore a low temperature method to obtain c-LLZO powder using 

the prepared t-LLZO from a polymerized complex method (sol-gel method) by high energy 
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ball milling. We observed that the high energy ball milling treatments induced a direct phase 

transition from t-LLZO to c-LLZO. The present work clearly demonstrates that mechanical 

high energy ball-milling which remains a method easy to set up, is suitable to produce c-

LLZO and consequently leads to a low cost for the potential application in LIBs. 

3.2. Experimental procedure 

3.2.1. Preparation of Li7La3Zr2O12 

LiNO3 anhydrous (99%, Alfa Aesar), La2(CO3)3·xH2O (99.9%, Alfa Aesar), 

ZrO(NO3)2·xH2O (99.9%, Alfa Aesar), and Al(NO3)3·9H2O (99+%, Acros Organics), were 

used to prepare nitrate precursor solutions. The molar ratio between Li, La, and Zr was 

controlled as 7.7:3:2. Excess Li (10%) was added to compensate for expected Li loss during 

high temperature heat treatments. 0 and 1.2 wt.% of Al were added to Li7La3Zr2O12 by adding 

Al(NO3)3·9H2O to the nitrate solution. The weight percent of Al was determined in 

accordance with the calculated Li7La3Zr2O12 product weight. Citric acid (99.5%, Aldrich) and 

ethylene glycol (Fisher Chemical), in the molar ratio of 60:40 were added to the nitrate 

solution as complexing agents. The overall metallic ion to organic molar ratio was 38:62, 

which was used to achieve the desired foaming behavior. The organic solution was poured 

into the metal nitrates solution homogenized by stirring. The mixture was heated at around 

130 °C until a solidified white foam formed. The foam was crushed, and then calcined at 

900 °C or 700 °C for 6 h (ramp rate: 5 °C min-1) in air in an alumina crucible to react the 

precursors. The as-calcined powders were pressed into pellets and sintered at 1180 °C for 12 

h or ball-milled in ethyl alcohol at 500 rpm for 0.5, 1 and 4 h using PQ-N04 planetary ball 

mill (Across International, Inc.), followed by drying at 60 °C. 

3.2.2. Characterization of Li7La3Zr2O12 

The X-ray diffraction structural analysis of the as-prepared Li7La3Zr2O12 powders was 

executed in a Philips X’Pert MPD diffractometer and the diffraction patterns were recorded 
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using Cu Kα source (λ = 0.154 nm) in the range of 2θ between 10° and 90° with a step size of 

0.05°/min. Rietveld refinement implemented by the GSAS-II [20] was employed to extract 

the lattice parameter. STA8000 simultaneous TGA/DSC Analyzer (PerkinElmer, Inc.) was 

used to characterize the thermal stability and decomposition of the Li7La3Zr2O12 powders. 

For TGA/DSC study, samples (~30 mg) were loaded in alumina crucibles and ramped from 

room temperature to 1200 °C at 10 °C min-1 under constant N2 flow at 20 mL min-1. The 

morphology and particle size of the powders was characterized by scanning electron 

microscope (SEM; JEOL 7000 FE) coupled with an energy dispersive X-ray spectrometer 

(EDS). Transmission electron microscope (TEM, FEI Tecnai F20) operated at 200 kV was 

used to characterize the morphology and atomic-level structure of the prepared samples. 

3.3. Results and discussion 

Figure 3.1 is a schematic representation of the detailed experimental procedures 

followed in this work for the synthesis of the LLZO powders in this study. First, the Al 

addition effect on the t-LLZO phase formation and stability was investigated, then the effect 

of calcination temperature on the t-LLZO formation for the samples with Al addition were 

tested. Further, for the Al doped samples, a comparative study between high-temperature 

thermal treatment and high-energy ball milling was carried out to explore the phase transition 

from t-LLZO to c-LLZO. Finally, the effect of ball milling time on the formation of c-LLZO 

was examined. 
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Figure 3.1. A schematic representation of the preparation procedures of LLZO powders in 

this study. 

3.3.1. XRD analysis 

Figure 3.2 shows the X-ray diffraction patterns of the LLZO powders without and 

with 1.2 wt.% Al addition after calcination at 900 °C for 6 h in air. After the heat treatment, 

the major phase in these two powders can be determined as t-LLZO according to the standard 

t-LLZO phase pattern from the ICDD (PDF - 00-064-0140). By comparison, the XRD pattern 

of LLZO powder with no Al addition shows obvious peak splitting caused by the symmetry 

of the tetragonal unit cell, indicating the powder (Figure 3.2a) was t-LLZO. For the XRD 

pattern of LLZO powder with 1.2 wt.% Al addition (Figure 3.2b), it shows much less peak 

splitting, which suggests at least a partial phase transition from tetragonal to cubic LLZO 

after 900 °C calcination occurs due to the Al addition. This result is a little different from that 

reported by Jin et al. [16] with a similar synthesis route. After the first heat treatment 

(calcination at 900 °C for 6 h), the major phase in their powder (LLZO powder with 1.2 wt.% 

Al addition) was determined as c-LLZO while LaAlO3 appeared as the second phase. In our 

powder, the major phase is assigned as t-LLZO, while impurities such as LaAlO3 were not 

observed which indicates the precursors reacted more completely with each other during the 

sol-gel transition and calcination process.  
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Figure 3.2. Comparison of XRD patterns of LLZO powders after calcination at 900 °C for 

6 h (a) no Al doping; (b) 1.2 wt.% Al doping. Red lines are the standard pattern for the 

tetragonal phase of LLZO from the ICDD (PDF - 00-064-0140). 

As a further study of exploring phase stability and transition of t-LLZO, both high 

temperature thermal treatment and high-energy ball milling were carried out. The LLZO 

powder sample with 1.2 wt.% Al addition prepared by sol-gel method was first calcined in air 

at 900 °C for 6 h (Figure 3.2b). Using this as-prepared powder, Figure 3.3 compares the 

XRD patterns of the LLZO powders after a thermal treatment at 1180 °C for 12 h (Figure 

3.3a) and after a high-energy ball milling treatment at 500 rpm for 2 h (Figure 3.3b). 

According to the previous discussion, the 900 °C calcined powder with Al addition can be 

determined as t-LLZO (Figure 3.2b). After the thermal treatment at 1180 °C for 12 h (Figure 

3.3a), the major phase in this powder can be assigned as c-LLZO according to the standard 

pattern from the ICDD (PDF - 00-019-8837). It clearly shows a phase transition from t-LLZO 

to c-LLZO by high-temperature thermal treatment at 1180 °C with a long dwell time (12 h). 

Apart from the main phase of c-LLZO, the impurities of Li2ZrO3 and LaAlO3 formed. For the 

LLZO powder after the treatment of ball milling at 500 rpm for 2 h (Figure 3.3b), the phase 
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transition from t-LLZO to c-LLZO was also observed although without high-temperature 

thermal treatment. The major phase in this powder can also be determined as c-LLZO while 

the impurities of Li2CO3 and LaA111O18 were detected. It was reported previously that LLZO 

readily reacts with H2O, forming proton doped LLZO and LiOH, which soon converts to 

Li2CO3 [21, 22]. For example, Yi et al. [23] found that after ball-milling, the surface of 0.5 ~ 

1 µm primary particles was decorated with nanoparticles (< 50 nm), which is assumed to be 

Li2CO3 as it is impossible to mill micron size LLZO oxides to nanopowders (< 100 nm) by 

planetary ball-milling. They hypothesized that the ion (Li+/H+) exchange results in Li2CO3 

surface coatings [24]. Nevertheless, except for the tiny amounts of Li2CO3 and LaAl11O18, it 

is obvious the high energy ball milling induced the phase transition from t-LLZO to c-LLZO. 

 

Figure 3.3. Comparison of XRD patterns of LLZO powders with 1.2 wt.% Al doping after 

(a) calcination at 900 °C for 6 h and 1180 °C for 12 h; (b) calcination at 900 °C for 6 h and 

ball milling for 2 h. Red lines are the standard pattern for the cubic phase of LLZO from the 

ICDD (PDF - 00-019-8837). 

The effect of ball milling time on the structural evolution of LLZO powder was 

further explored. Figure 3.4 shows the XRD patterns of the LLZO powders after the ball 
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milling treatments at 500 rpm for 0.5, 2 and 4 h, respectively. It is evident that all the three 

LLZO powders can be indexed as the cubic phase. For the powder after the ball milling 

treatment at 500 rpm for only 0.5 h (Figure 3.4a), the transition from t-LLZO to c-LLZO 

already arose. In addition to Li2CO3 and LaAl11O18, the impurities of Li2ZrO3 and Li8ZrO6 

were detected in this sample for a short milling time (0.5 h). However, after ball milling at 

500 rpm for 2 h and 4 h (Figure 3.4b and c), the impurities of Li2ZrO3 and Li8ZrO6 

disappeared. It is inferred that ball milling provided external energy and promoted the atom-

level diffusion and solid-state reactions, exhibiting a favorable condition for c-LLZO 

formation.  

 

Figure 3.4. Comparison of XRD patterns of LLZO powders with 1.2 wt.% Al doping after 

calcination at 900 °C for 6 h and ball milling for (a) 0.5 h; (b) 2 h; and (c) 4 h. 

Rietveld refinement of XRD data for the LLZO powder after the ball milling 

treatment at 500 rpm for 2 h was conducted based on a garnet-like structure with the space 

group Ia-3d for cubic sample. According to the refinement result by Matsuda et al. [25], the 

position of Al was fixed at 24d sites. The occupancy values of Li and Al were fixed and were 
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not taken into account for the Rietveld refinement analysis. Figure 3.5 shows the final XRD 

Rietveld pattern for the sample and the atomic coordinates are listed in Table 3.1. The peaks 

observed due to the presence of the impurity phases were excluded from the refinement 

cycles. The profile fitting provided good agreement factors: Rwp of 9.52% and GOF 2.10 and 

it confirms that c-LLZO was obtained after the ball milling treatment at 500 rpm for 2 h. The 

final refinement result shows that the unit cell parameter a is 13.07793 Å which is a little 

larger than the refinement result of 12.96328 (5) Å obtained by Matsuda et al. [25]. This 

increased lattice constant leads to a larger Li-Li distance and can improve the structural 

stability of c-LLZO [26]. 

 

Figure 3.5. XRD Rietveld pattern for the LLZO powders with 1.2 wt.% Al doping after 

calcination at 900 °C for 6 h and ball milling for 2 h sample. 

Table 3.1. Rietveld refinement results for the LLZO powders with 1.2 wt.% Al doping after 

calcination at 900 °C for 6 h and ball milling for 2 h sample. 

Atom Site Occupancy x y z 

Li1 24d 0.69 3/8 0 1/4 

Al 24d 0.08 3/8 0 1/4 

Li2 96h 0.349 0.0725 0.1793 0.4152 

La 24c 1 1/8 0 1/4 

Zr 16a 1 0 0 0 

O 96h 1 -0.02245 0.05820 0.14222 

To test the effect of thermal pretreatment temperature (below 900 °C) before ball 

milling, Figure S3.1a and b show the X-ray diffraction patterns of the LLZO powder with 
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1.2 wt.% Al addition after calcined at 700 °C for 6 h in air and the LLZO powder with a 

further ball milling treatment at 500 rpm for 2 h, respectively. As shown in Figure S3.1a, 

after the low-temperature pretreatment at 700 °C, a high content of impurities of Li6ZrO7, 

LaAlO3 and La2Zr2O7 formed, while it is interestingly noted that it shows major peaks 

corresponding to the c-LLZO. It has been reported that this type c-LLZO can be only 

assigned as the low-temperature cubic phase (LT-cubic) which has the similar structure as 

high-temperature cubic phase (HT-cubic), but with a lower ionic conductivity than even t-

LLZO. A similar observation was made by Kokal et al. [14] using a Pechini sol-gel method. 

However, they reported that when heating the sample at 800 °C or 900 °C, this cubic phase 

changed to tetragonal, which is consistent with our observation shown in Figure 3.2. For the 

LLZO powder with a further ball milling treatment at 500 rpm for 2 h, it still contains high 

content of impurities (Li6ZrO7, LaAlO3 and La2Zr2O7) apart from c-LLZO. This suggest the 

necessity of an initial higher temperature pretreatment before high energy ball milling 

induced phase transition in order to obtain high purity c-LLZO.  

3.3.2. Thermal analysis 

The TGA-DSC curves of the LLZO powders corresponding to the samples in Figure 

3.2b, 3.3b, and S3.1a and b are shown in Figure 3.6, respectively. In the case of the LLZO 

powder with 1.2 wt.% Al addition after calcined in air at 900 °C for 6 h (Figure. 3.6a), the 

sample decomposes in two mass loss steps on heating. The first and second mass loss steps 

occur at around 200 ~ 440 °C and 700 ~ 800 °C, respectively, along with their respective 

endothermic peaks at 421 °C and 705 °C. For the case of the LLZO powder with 1.2 wt.% Al 

addition after the calcination in air at 900 °C for 6 h and ball milling at 500 rpm for 2 h 

(Figure 3.6b), the sample decomposes in three mass loss steps on heating, occurring at 

around 100 °C, 400 °C and 700 °C, respectively. For the LLZO powder with 1.2 wt.% Al 

addition after calcined in air at 700 °C for 6 h (Figure 3.6c) and the LLZO powder with 1.2 
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wt.% Al addition after the calcination in air at 700 °C for 6 h and ball milling at 500 rpm for 

2 h (Figure 3.6d), the TGA-DSC curves show the similar results.  

The TGA profiles of the ball-milled powders show mass losses at temperatures below 

the calcination temperature, suggesting H2O and CO2 uptake of LLZO during processing. The 

mass loss at < 400 °C is attributed to H2O, whereas the mass loss at > 400 °C is due to CO2 

evolution [21, 22]. In addition to the Li2CO3 decomposition endotherm at 720 °C, the origin 

of endothermic peaks near 400 °C can be ascribed to the release of some H2O and CO2 [22]. 

Three possible mechanisms of interaction between LLZO and H2O exist: 1) physical 

absorption; 2) hydration; 3) proton exchange of Li. The presence of hydration water is highly 

unlikely because there has been no report of hydration water in garnets to our knowledge. So 

below 400 °C, the first mass loss can be related to the release of H2O which is attributed to 

the physical adsorption water during sample storage in the air and the proton exchange 

reaction of Li7La3Zr2O12 + xH2O ↔ Li7-xHxLa3Zr2O12 + xLiOH [21]. The Raman 

spectroscopy investigation of aged LLZO sample in air by Larraz et al. [22] suggested that 

the presence of La2O2CO3 accounts for the mass loss at 400 °C. Wang et al. [21] attribute the 

mass loss at 700 °C to the restoration of the tetragonal LLZO phase through the reverse 

reaction of Li7La3Zr2O12 + xCO2 ↔ Li7-2xLa3Zr2O12-x + xLi2CO3 as their XRD results on 

heat-treated samples (at 750 °C) always show pure tetragonal phase regardless of the 

processing history. There is no significant weight change after 1000 °C for all four samples 

indicating that the phase transition of the t-LLZO to c-LLZO starts above this temperature. 

The endothermic peak at 1050 °C is attributed to phase transition of tetragonal LLZO to HT-

cubic phase LLZO which is also verified by XRD analyses (Figure 3.2b and 3.3a). Several 

DTA (differential thermal analysis) and DSC studies have shown that the t-LLZO to HT-

cubic phase LLZO transition is an endothermic reaction [14, 27]. All three samples (Figure 

3.6a, c and d) show the endothermic peak at 1050 °C, however, for the case of the LLZO 
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powder with 1.2 wt.% Al addition after the calcination in air at 900 °C for 6 h and ball 

milling at 500 rpm for 2 h (Figure 3.6b), the peak disappeared. This observation indicates the 

LLZO powder is HT-cubic phase although CO2 or H2O adsorption.  

 

Figure 3.6. TGA-DSC curves for the LLZO powders with 1.2 wt.% Al doping after (a) 

calcination at 900 °C for 6 h; (b) calcination at 900 °C for 6 h and ball milling for 2 h; (c) 

calcination at 700 °C for 6 h; (d) calcination at 700 °C for 6 h and ball milling for 2 h. 

3.3.3. Morphology of LLZO 

The SEM image of LLZO powder with 1.2 wt.% Al addition after calcination at 

900 °C for 6 h was shown in Figure 3.7a and S3.2a. Two different sizes of grain were 

observed after calcination. The mean particle size of LLZO powder before the ball milling is 

6.2 μm. By comparison of EDS spectra of the two different size grains (Figure. S3.3), it is 

found that the element distribution is not homogeneous, and the smaller particles have more 

Al inside. 

We infer that the different grains and Al content are likely due to inhomogeneous 

heating effect during the calcination and crucible contamination. Also, the small grains 
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maybe already transform to cubic phase because of the high Al content effect. For LLZO 

powder with a further thermal treatment at 1180 °C for 12 h (Figure 3.7b), it is obvious that 

the grain size is much larger since the powder was obtained after high-temperature sintering. 

For LLZO powder with a further ball milling for 2 h in Figure 3.7c and S3.2b, the grain is 

smaller than the primary powder with the mean particle size changes to 2.1 μm and along 

with some nanoparticles, indicting a significant decrease of particle size due to the high 

energy ball milling. It was reported by Gordon [28] that cubic phase stabilization occurred for 

LLZO with ligaments of size less than 1 μm on average without the use of extrinsic dopants. 

Therefore, the decreased particle size might also contribute to the phase transition from c-

LLZO to t-LLZO. The result is also similar to the report of Wang et al. [21]. They assumed 

that the surface nanoparticles are supposed to be Li2CO3. We also find that XRD patterns of 

ball-milled powders also show diffraction peaks corresponding to Li2CO3 and Li2CO3 

decomposition endotherm peak at 720 °C in TGA profile. Figure 3.7d showed the EDS 

spectrum of LLZO powders in Figure 3.7c, indicating the existence and uniform distribution 

of Al in the LLZO powder. After the ball milling, both of the homogeneity of mixing at 

elemental level and the grain size reduction contribute to the phase transition from t-LLZO to 

c-LLZO 
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Figure 3.7. SEM images of LLZO powders with 1.2 wt.% Al doping after (a) calcination at 

900 °C for 6 h; (b) calcination at 900 °C for 6 h and 1180 °C for 12 h; (c) calcination at 

900 °C for 6 h and ball milling for 2 h (d) EDS spectrum of LLZO powders in (c). 

TEM study was conducted to demonstrate the ball milling effects on particle size and 

defects. As shown in Figure 3.8a, it is clear that before the ball milling, LLZO powders were 

comprised of large particles with interconnected network. After the ball milling, the particle 

size decreased significantly and became porous structure with surface amorphous domains 

(Figure 3.8b). From the high-resolution TEM image shown in Figure 3.8d (the yellow 

square area of Figure 3.8c), the lattice d-spacing of 0.534 nm corresponds to (211) plane of 

cubic LLZO, which is consistent with the Rietveld refinement result of XRD data. Apart from 

the crystalline phase, the formation of amorphous domains suggests reciprocating shear 

deformations during ball milling, which can induce severe lattice distortion and provide 

possible pathways of atomic diffusion in the particles. 
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Figure 3.8. TEM images of LLZO powders with 1.2 wt.% Al doping after calcination at 

900 °C for 6 h: (a) before the ball milling; (b) and (c) after the ball milling for 2 h; (d) high-

resolution TEM image of the area in the yellow square in (c). 

3.3.4. Ball milling induced LLZO phase transition mechanism 

Based on density-functional theory and molecular dynamics simulations results, 

Bernstein et al. [29] explain the atomistic mechanism behind the structural transition in 

LLZO: the tetragonal phase stability of LLZO is dependent on a simultaneous ordering of Li 

ions on the Li sublattice and a volume-preserving tetragonal distortion that relieves internal 

structural strain. Increasing Li+ vacancies into the Li sublattice of LLZO increase the overall 

entropy, reduces the free energy gain from ordering, and eventually stabilizes the cubic phase 

structure [29]. Accompanied with the structural transition, Li ions hop from the subset of the 
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disordered cubic sites occupied in the ordered tetragonal structure to the remaining cubic 

sites, which are unoccupied in the tetragonal structure. 

Mechanical milling is known to generate accumulations of defects, particle size 

reduction, and local temperature increase which contribute to the activation of solid 

compounds so that they store an additional energy which facilitates chemical reactions or 

transformations [30-34]. For instance, (1) Lin et al. [30] reported that ball milling can 

modulate the relative portion of antisite defects and vacancies in crystal, and the Bi2(Se,Te)3 

made of the powders with extended milling time showed high electron concentration and 

poor carrier mobility. (2) Perriat et al. [31] and Ayuub et al. [32] proposed the theory of “size 

driven phase transition”. The grain size reduction increases the surface to volume ratio and 

the content of surface atoms/ions, so the new energy configuration favors the stabilization of 

nanosized particles, either through a change in the electronic configurations of the constituent 

atoms/ions, or through a change in lattice constant. This latter phenomenon was observed in 

the phase transition between the surface (cubic) and the bulk (tetragonal) of BaTiO3 fine 

grain powder [33]. (3) Sun et al. [34] investigated the solid-state alloying of Cr-40wt.%Mo 

powder by high-energy milling and found that the reciprocating shear deformations during 

high energy milling can induce severe lattice distortion and further amorphous-

nanocrystalline cyclic phase transitions. Then two paths of atomic diffusion formed for solid-

state alloying of Cr-40wt.%Mo powder: diffusion reaction induced by crystal defects and 

diffusion reaction induced by free volume within the amorphous structure. 

On the basis of these previous work and our observations, therefore, the mechanism 

behind the ball milling inducing LLZO phase transition in this study is proposed: (1) ball 

milling induced defects, vacancies and lattice strains, which can provide easy Li diffusion 

paths in the t-LLZO lattice. When Li+ vacancy concentration increases, the disordered cubic 

structure with lower energy is favored to form; (2) the structural transformation of the t-
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LLZO powder was induced by shear stress during the ball milling; (3) energy was provided 

by ball milling to the hopping of ions from the occupied disordered cubic sites to the 

remaining cubic sites, which are unoccupied in the tetragonal structure. 

3.4. Conclusion 

Tetragonal Li7La3Zr2O12 powders were synthesized by the sol-gel method and low-

temperature thermal pretreatments and the phase transition of the obtained t-LLZO was 

investigated by further treated the sample via high energy ball milling. For the LLZO 

powders calcined at 900 °C for 6 h, X-ray diffraction measurement revealed that the ball 

milling treatment induces a direct phase transition from tetragonal Li7La3Zr2O12 to cubic 

Li7La3Zr2O12 without high-temperature heat treatment. However, in the comparative studies, 

cubic Li7La3Zr2O12 can only be obtained after high-temperature calcination above 1180 °C 

and cannot be obtained after ball milling using the LLZO powder calcined at 700 °C for 6 h. 

High energy ball milling treatment demonstrated a low temperature and efficient way to 

transform tetragonal Li7La3Zr2O12 to cubic Li7La3Zr2O12. 
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CHAPTER 4: INVESTIGATION OF FACIAL B2O3 SURFACE MODIFICATION EFFECT 

ON THE CYCLING STABILITY AND HIGH-RATE CAPACITY OF LiNi1/3Co1/3Mn1/3O2 

CATHODE 

 

Published Work Disclosure: This chapter is based on previously published paper (J. 

Li, Z. Liu, Y. Wang, R. Wang, Investigation of facial B2O3 surface modification effect on the 

cycling stability and high-rate capacity of LiNi1/3Co1/3Mn1/3O2 cathode, J. Alloys Compd., 

834 (2020) 155150.). 

4.1. Introduction  

In recent years, rechargeable lithium-ion batteries have become one of the dominant 

power sources with the applications including consumer electronic devices, hybrid/full 

electric vehicles, and stationary energy storage devices, relying on their high energy/power 

density, long cycle life, and eco-friendliness [1-3]. As one critical parameter of the lithium-

ion battery, the capacity of cathode materials partially determines the energy density of the 

whole battery cell and is still believed to be a bottleneck to develop advanced lithium-ion 

batteries with further enhanced electrochemical performance. Among the commercialized 

cathode materials, LiCoO2 was the first used, but its high/increasing cost and toxicity of 

cobalt limit the future use in large-scale applications [1]. The multi-elemental cathode 

materials, for instance layered LiNi1/3Co1/3Mn1/3O2 and the relative compounds, have 

attracted much attention as a possible replacement for LiCoO2 on account of their higher 

capacity, superior thermal stability, and especially lower cost and less toxicity [4, 5]. 

Nevertheless, LiNi1/3Co1/3Mn1/3O2 suffers from fast capacity fading and poor rate 

capability owing to the cation mixing that a part of Li+ at the normal 3a sites migrates to the 

3b sites corresponding to transition metal (TM) ions sites because of their similar ionic radii 
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(Li+ = 0.76 Å, Ni2+ = 0.69 Å) [6, 7]. To solve these issues, many attempts have been made to 

decrease the cation mixing with the expect to enhance the electrochemical property, such as 

doping [8, 9] and surface modification [10, 11]. Surface treatment/modification of cathode 

materials with electrochemically inactive metal oxides like Al2O3 [12, 13], ZrO2 [14, 15], 

TiO2 [16], and ZnO [17] has been one of well accepted approaches to achieve the 

enhancement of the electrochemical performance, by virtue of preventing TM dissolution, 

minimizing unfavorable electrolyte/cathode interfacial side reactions, and stabilizing the 

surface/interfacial structure of cathode materials. However, non-metallic oxides were rarely 

reported to be used for surface modification of LiNi1/3Co1/3Mn1/3O2.  

Boron trioxide (B2O3), as a glass forming material in Li2O-B2O3 system, can provide 

a three-dimensional B-O network, where the three-coordinated [BO3] with a non-bridging 

oxygen is the key to achieve high ionic conductivity as reported previously [18, 19]. B2O3 

was also reported as a very effective solid state electrolyte additive material to increase the 

total ionic conductivity like in LiTi2(PO4)3 based ceramics [20] and Li1.5Al0.5Ge1.5(PO4)3 glass 

ceramics [21]. Wu et al. [22] reported that after B2O3 addition, the hard carbon/B2O3 

composite anode presented more than 50% enhancement of lithium storage capacity because 

of the modified electronic structure of the hard carbon. B2O3 addition has also been reported 

to enable stabilizing the cyclic performance of Si [23] and SnO2-based [24] anodes for Li-ion 

batteries. In addition, the strong covalent B-O bonding can enhance the thermal and structural 

stability of lithium-rich layered oxide cathode materials [25]. For surface modification, B2O3-

modified carbon microtubes composite was noted as an effective capture interlayer for Li-S 

and Li-I2 batteries with excellent cycle stability [26]. B2O3 was also used as a sintering aid to 

improve the density of Li[NixCo1-2xMnx]O2 electrode and the electrochemical properties were 

reported quite good when charged to 4.2 V with significantly enhanced sintering density [27]. 

With the help of B2O3-modification, Zhou et al. [28] found that the electrochemical 
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performance of commercial LiCoO2 charged to 4.5 V vs. Li/Li+ was notably improved due to 

the enhanced interfacial kinetics and mitigation of high-voltage induced interfacial side 

reactions by lithium boron oxide interface formed on the surface during charge-discharge 

cycling. 

In this work, LiNi1/3Co1/3Mn1/3O2 was coated with B2O3 glass layer via a facial and 

scalable wet-chemical method using H3BO3 as the precursor and both the high-rate capability 

and the cycling performance are significantly enhanced by B2O3 modification. In order to 

investigate the correlation between electrochemical behavior and B2O3 modification, the 

morphology, structure, and electrochemical measurements of the pristine and B2O3 surface 

modified LiNi1/3Co1/3Mn1/3O2 were comparatively studied and discussed in detail. 

4.2. Experimental methods 

4.2.1. Synthesis of LiNi1/3Co1/3Mn1/3O2 

LiNi1/3Co1/3Mn1/3O2 was prepared using a Pechini method as follows. Stoichiometric 

amounts of LiNO3, Ni(NO3)2·6H2O, Co(NO3)2·6H2O and Mn(NO3)2·4H2O were dissolved in 

deionized water (100 mL) with a Li/TM (Ni, Co, and Mn) molar ratio of 1.05, to compensate 

for the loss of lithium during the following high-temperature treatment. While the above 

nitrate solution was continuously stirred, the citric acid and ethylene glycol were added as 

complexing agents. The molar ratio of overall metallic ion to citric acid to ethylene glycol 

was 1:1:1. The resulting mixture was then stirred at 95 °C until a viscous gel was achieved, 

followed by being dried in a drying oven at 120 °C for 12 h and subsequently heated in a box 

furnace to 450 °C in air for 6 h to decompose nitrate and remove residual organics. The 

precursor obtained was first gently crushed and ground using an agate mortar and pestle. 

Then the powder was heat-treated at 850 °C in air for 12 h and the resultant powder products 

were gathered. 
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4.2.2. B2O3-modification of LiNi1/3Co1/3Mn1/3O2 

The as-prepared LiNi1/3Co1/3Mn1/3O2 powder was added into a 5 wt.% aqueous H3BO3 

solution while the solution was vigorously stirred. Then the above mixed solution was 

continuously stirred and slowly evaporated at 90 °C on a hot plate. The obtained product was 

then dried at 80 °C in air overnight and calcined at 500 °C for 12 h in air for H3BO3 

decomposition. 1 wt.% H3BO3 (with respect to the weight of LiNi1/3Co1/3Mn1/3O2) was 

employed and the resulted sample is named as 1B2O3@NCM111. The reference sample 

NCM111 was obtained by treating additional LiNi1/3Co1/3Mn1/3O2 powder with all the same 

procedures mentioned above but without the addition of H3BO3. 

4.2.3. Material characterization 

X-ray powder diffraction (XRD, Philips X’Pert MPD) analysis with Cu Kα source 

(λ=0.154 nm) was used to study the crystal structures of NCM111 and 1B2O3@NCM111. The 

lattice parameter was extracted by Rietveld refinement using the GSAS-II [29]. The 

morphology and atomic-level structure of the synthesized powders were characterized by 

scanning electron microscope (SEM; Thermo Scientific Apreo FE-SEM) and transmission 

electron microscope (TEM, FEI Tecnai F20). X-ray photoelectron spectroscopy (XPS) was 

performed on a Kratos Axis DLD spectrometer with monochromatic Al Kα (hν = 1486.6 eV) 

radiation at a working pressure of 10−10 Torr. The effect of the specimen charging was 

corrected by the reference of the carbon peak C 1s (284.8 eV). 

4.2.4. Electrochemical test 

To prepare positive electrodes, the homogeneous cathode slurry with a 75:15:10 mass 

ratio of active material (NCM111 or 1B2O3@NCM111) : carbon black : poly(vinylidene 

fluoride) (PVDF) dissolved in 1-methyl-2-pyrrolidinone (NMP) was casted onto aluminum 

foils. After heating at 80 °C overnight and then drying in vacuum at 120 °C for 12 h, the 

electrodes were then cut into disks with a diameter of 15 mm with a loading density of ~2.8 
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mg cm-2, and subsequently transferred into an argon-filled (O2 and H2O content < 0.1 ppm) 

glove box. Electrochemical performances were evaluated on a coin-type half-cell (CR2032) 

composed of a cathode, a lithium metal anode, a porous polypropylene film (Celgard 2400) 

as the separator, and 1 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC), 

dimethyl carbonate (DMC) and diethyl carbonate (DEC) (1:1:1 v/v/v) as the electrolyte. The 

charge/discharge measurements were performed over a voltage window from 3.0 to 4.5 V at 

different current densities (1C = 180 mA g-1) under constant current mode on a multichannel 

battery testing system (MTI 8 Channel Battery Analyzer). Cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and galvanostatic intermittent titration 

technique (GITT) tests of cells were carried out on an electrochemical workstation (Gamry 

1000E). The CV was tested at a scan rate of 0.1 mV s-1 over a voltage window from 3.0 to 4.5 

V. The EIS was tested in the frequency range of 1 MHz to 0.01 Hz. 

4.3. Results and discussion 

The crystallinity, phase purity, and lattice parameters of the pristine and B2O3-

modified NCM111 powders were examined by XRD and Rietveld refinement analysis 

(Figure 4.1). For both samples (Figure 4.1a), the diffraction peaks can be assigned to a 

typical layered α-NaFeO2 structure (R-3m space group) without apparent impurity phase 

according to the standard LiNi1/3Co1/3Mn1/3O2 phase pattern from the ICDD (PDF - 04-014-

7636). The formation of layered structure such as LiCoO2 and LiNiO2 [30] is indicated by the 

clearly separated (006)/(012) and (018)/(110) diffraction peaks for both samples. The R value, 

the integrated intensity ratio (I(003)/I(104)) of (003) and (104) diffraction peaks, was reported as 

an indicator of the cation mixing degree between Li+ (3a site) and TM ions (3b site) [31]. The 

larger value of R is (I(003)/I(104)>1.2), the lower degree of undesirable cation mixing is. 

Otherwise (I(003)/I(104)<1.2), it suggests that the Ni2+ migrates into the Li+ layers (Figure 

4.1b). For the NCM111 and 1B2O3@NCM111 powders, the corresponding values of R are 
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1.43 and 1.46, respectively, suggesting that both samples have a low Li+/Ni2+ disorder. 

Figure 4.1c and d show that the calculated profiles and observed diffraction patterns 

match well and the values of Rwp and Rp factors are low, which confirm the convincing 

refinement results of the lattice parameters and unit cell volumes for the NCM111 and 

1B2O3@NCM111 powders in Table 4.1. There exists a minor increase of the lattice constants 

(both a and c) and unit cell volume for the 1B2O3@NCM111 powders in spite of the smaller 

ionic radius of boron when comparing with those of Li and TM ions (B3+ = 0.23 Å, Li+ = 0.76 

Å, Ni2+ = 0.69 Å, Co3+ = 0.545 Å and Mn4+ = 0.53 Å) [32, 33]. The expansion of the unit cell 

was previously found in boron doped LiNi1-x-yCoxMnyO2 and LiNi1-x-yCoxAlyO2 cathodes [34-

36]. Pan et al. [34] speculated that the trace amount of B3+ with smaller ionic radius (B3+ = 

0.23 Å), was firstly incorporated into the tetrahedral interstitial sites of 

Li(Li0.2Ni0.13Co0.13Mn0.54)1-xBxO2, which can expand the unit cell as well as suppress TM 

migration and stabilize crystal structure. So in our case, the trace amount of B3+ might diffuse 

into the 1B2O3@NCM111 lattice during the B2O3 surface modification processing. The larger 

c/a ratio of 1B2O3@NCM111 than that of NCM111 can also promote inserting and extracting 

of Li+ within the Li layer during the charge and discharge cycling [37]. 
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Figure 4.1. (a) XRD patterns of the NCM111 and 1B2O3@NCM111 powders; (b) crystal 

structure of LiNi1/3Co1/3Mn1/3O2 and (c and d) Rietveld refinement results of the NCM111 

and 1B2O3@NCM111 powders. 

Table 4.1. Lattice parameters of the NCM111 and 1B2O3@NCM111 cathodes. 

Sample a-axis/Å c-axis/Å c/a V/Å3 Rwp Rp 

NCM111 2.8596(4) 14.2242(7) 4.9741 100.736 1.58% 1.00% 

1B2O3@NCM111 2.8609(1) 14.2347(3) 4.9756 100.899 1.57% 1.04% 

The particle morphologies of the NCM111 and 1B2O3@NCM111 powders are shown 

in Figure 4.2. It can be observed that the particles are loosely agglomerated, and the primary 

particles are in the size range of ~100 - 300 nm with a relatively homogeneous distribution, 

which can be distinctly perceived at higher magnification of SEM images in Figure 4.2b and 

d. The high similarity of SEM images between the NCM111 and 1B2O3@NCM111 powders 

indicates that the B2O3 surface modification has little impact on the particle morphology and 

agglomeration of the LiNi1/3Co1/3Mn1/3O2 powder. The microstructure of individual NCM111 

and 1B2O3@NCM111 particles was further investigated by TEM (Figure 4.2, e-g: NCM111; 

Figure 4.2, h-j: 1B2O3@NCM111). Well-crystallized LiNi1/3Co1/3Mn1/3O2 particles (~100 - 
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300 nm) can be clearly seen in Figure 4.2e and h, which is in good agreement with the above 

SEM findings and the XRD results shown in Figure 4.1. Figure 4.2f and g show the lattice 

fringes of individual NCM111 particles with an interplanar spacing of 0.47 nm, which can be 

assigned to the (003) planes. Compared to NCM111 (Figure 4.2f and g), Figure 4.2i, j and 

Figure S4.1 show that there is a ~ 2 nm thin layer on the surface of the 1B2O3@NCM111 

particles. This observation suggests that a thin coating layer is formed on the surface of the 

1B2O3@NCM111 particles after the B2O3 surface modification. In the HRTEM image 

(Figure 4.2j), the lattice fringes with 0.24 nm and 0.20 nm d spacings can be clearly 

observed, which are ascribed to the (110) and (104) planes of layered LiNi1/3Co1/3Mn1/3O2, 

respectively. The lattice fringe measurement result is further confirmed by diffractogram 

analysis (Figure 4.2j, inserted). This indicates that the modification process has little 

influence on the 1B2O3@NCM111 microstructure. 
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Figure 4.2. SEM images of (a and b) the NCM111 and (c and d) 1B2O3@NCM111 powders; 

TEM images and HRTEM images of (e, f and g) the NCM111 and (h, i and j) 

1B2O3@NCM111 powders. 

The existence and distribution of boron, valence states of the transition metals, and 
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the types of oxygen species on the surface of the NCM111 and 1B2O3@NCM111 powders 

were examined by XPS surface analysis. Figure 4.3a exhibits the B 1s spectra with a sharp 

peak at ~192.4 eV, corresponding to the introduced boron on the surface of 1B2O3@NCM111 

[28]. As shown in Figure 4.3b-d, the 2p3/2 peaks of Ni, Co and Mn in both NCM111 and 

1B2O3@NCM111 powders are at ~855.3, ~780.0, and ~642.5 eV, respectively, which are 

ascribed to Ni2+, Co3+, and Mn4+ [38]. Figure 4.3b shows the fitted Ni 2p spectra with typical 

peaks of Ni2+, a major Ni 2p3/2 peak at ~855.3 eV and a satellite one at ~861.0 eV, which are 

same as the result of Ni+2 in LiNi0.5Mn1.5O4 [39]. Figure 4.3c shows the Co 2p spectra with 

two major Co 2p3/2 and Co2p1/2 peaks at ~780.0 and ~795.0 eV, respectively. The appearance 

of two minor satellite peaks at ~790.0 and ~805.0 eV, which are the spectral fingerprint of 

Co3+, further confirms the spinning state of Co3+ [38]. Two major peaks at ~642.5 eV and 

~654.0 eV shown in the Mn 2p spectra (Figure 4.3d) can be ascribed to the Mn 2p3/2 and Mn 

2p1/2, respectively. The above binding energies, which are in accord with the reported MnO2 

data, indicate the dominant Mn4+ state [40]. For the XPS peak positions of three TM ions 

(Ni2+, Co3+, and Mn4+), there are no distinct variations between the two samples, indicating 

that the valence states of the TM ions were retained after the B2O3 surface modification. 

Figure 4.3e shows the spectra of O 1s with a dominant peak at ~529.7 eV, which is assigned 

to the lattice oxygen bonded to TM [35]. The area ratio of another O 1s peak at ~531.6 eV 

relative to the lattice oxygen peak at ~529.7 eV seems strengthened for 1B2O3@NCM111 

(61.2%) compared to that of NCM111 (54.1%). Zhou et al. [28] evidenced the presence of 

B2O3 in B2O3-modified LiCoO2 from the B 1s peak and the stronger O 1s peak at ~531.6 eV. 

On the other hand, the B doping in Li-rich layered cathode materials can lead to enhanced O 

1s peak at ~531.6 eV resulted from the lowered electron density of O2- species [34, 41]. 
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Figure 4.3. XPS spectra of (a) B 1s, (b) Ni 2p, (c) Co 2p, (d) Mn 2p, and (d) O 1s for the 

NCM111 and 1B2O3@NCM111 powders. 

Figure 4.4a displays the rate performances for the NCM111 and 1B2O3@NCM111 

samples. It is clear that the 1B2O3@NCM111 cell outperforms the NCM111 cell regarding the 

rate capability at various discharge current rates from 0.2C to 5C rate with high coulombic 

efficiency. A stable discharge capacity of ~131 and ~116 mAh g-1 can be delivered by the 

1B2O3@NCM111 cell at 1C and 2C rates, respectively. In comparison, the NCM111 cell only 

delivers the discharge capacity of ~125 and ~106 mAh g-1 at the same discharge current rates, 

both with a lower capacity. Particularly, when the current rate increases to 5C, 

1B2O3@NCM111 can still retain a capacity of ~86 mAh g-1, while only a capacity of ~60 

mAh g-1 is obtained by NCM111. As the discharge current rate is decreased back to 0.2C, 

95.4% of the initial capacity is recovered for 1B2O3@NCM111, comparable to the initial 

discharge capacity values and better than that of NCM111 (88.6%). This enhanced behavior 

indicates that the B2O3 surface modification improves the cyclic reversibility of 

1B2O3@NCM111. The extended cycling performance of the NCM111 and 1B2O3@NCM111 

cells was further tested and compared in Figure 4.4b and c. 1B2O3@NCM111 retains a 

discharge capacity of ~123 and ~93 mAh g-1 after the measured 50 and 100 cycles at 1C and 

2C with the capacity retention of ~92% and ~86%, respectively. In contrast, NCM111 without 

the B2O3 surface modification showed only ~105 and ~77 mAh g-1 at the same discharge 

current rates with the capacity retention of ~76% and ~74%. 1B2O3@NCM111 shows 
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obviously enhanced cycle stability. 

 

Figure 4.4. (a) Rate performances and (b and c) cycling performances of the NCM111 and 

1B2O3@NCM111 cells at (b) 1C for 50 cycles and (c) 2C for 100 cycles in 3.0-4.5 V. 

To reveal the reason for the enhanced electrochemical performances of 

1B2O3@NCM111, CV, EIS and GITT tests were carried out. Figure 4.5a and b show the CV 

curves of the as-prepared NCM111 and 1B2O3@NCM111 cathodes (Figure 4.5a) and the 

ones after the measurement of 50 cycles at 1C rate (Figure 4.5b). There is only one pair of 

cathodic/anodic peaks in all samples, which is associated with the Ni2+/Ni4+ redox couple [5]. 

In NCM111, it is well accepted that the electrochemically active ion is Ni2+ and it undergoes 

Ni2+/Ni4+ transition during charge-discharge processes. Co3+ is electrochemically inactive 

here because the Co3+/Co4+ redox peak only appears when the cutoff voltage is above 4.6 V. 

Without a cathodic peak at 3.2 V corresponding to the reduction of Mn4+, Mn4+ is also 

electrochemically inactive but its existence provides significant structural stability during 

cycling reported in the previous study [40, 42]. Furthermore, the potential difference between 

the anodic and cathodic peaks is the main difference of the CV profiles. For the as-prepared 

NCM111 and 1B2O3@NCM111 cathodes, they show the same potential interval of 0.11 V, 

indicating a limited influence of the B2O3 surface modification on the lithiation/delithiation 

process before the cycling performance test. However, after the measurement of 50 cycles at 

1C rate, the 1B2O3@NCM111 cell displays a much smaller potential interval (0.13 V) 

compared to the NCM111 (0.21 V), indicating that more efficient oxidation-reduction 

reaction can be achieved during the lithiation/delithiation process [38] and this protecting 
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B2O3 surface modification is a very promising method to realize the long and stable cycling 

even with high charge/discharge rates. 

 

Figure 4.5. (a) Initial cyclic voltammetry curves and (b) the cyclic voltammetry curves after 

the measurement of 50 cycles at the current rate of 1C of the as-prepared NCM111 and 

1B2O3@NCM111 cathodes recorded in the voltage range of 3.0-4.5 V at the scan rate of 0.1 

mV s−1. The mass loading of electrodes was ∼2.8 mg cm−2. 

The electrode/electrolyte interface can be evaluated by EIS over a wide frequency 

range. In the present study, EIS was used to verify the protective effect of the B2O3 surface 

layer after modification. The obtained Nyquist plots are usually comprised of a semicircle in 

the medium-frequency region which is related to the charge-transfer resistance and a straight 

line in the low-frequency region which is ascribed to the diffusion of Li+ within the electrode 

[43, 44]. Figure 4.6a and b show the equivalent circuits for the NCM111 and 

1B2O3@NCM111 electrodes before charging and after 50 cycles, respectively. The parameter 

Rct is the charge-transfer resistance, and Cdl refers to the double-layer capacitance. Apart from 

the abovementioned Rct and Cdl, RS, RSEI and CSEI represent electrolyte resistance, solid 

electrolyte interface (SEI) resistance and electric double-layer capacitance, respectively. W is 

the Warburg impedance, which describes the diffusion resistance of Li+ in the bulk. The 

simulated results of the EIS spectra in Figure 4.6c and d are shown in the inset tables. From 

Figure 4.6c and d, it is found that the Rct value of 1B2O3@NCM111 is nearly the same with 

that of NCM111 before the cycling performance test, indicating that the B2O3 surface 

modification does not impair the Li+ diffusion ability of 1B2O3@NCM111. After the 
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measurement of 50 cycles at 1C rate, however, the Rct value of 1B2O3@NCM111 (17 Ω) is 

much smaller than that of NCM111 (77 Ω). The decreased Rct in 1B2O3@NCM111 suggests 

that exchanging and transferring of Li+ in 1B2O3@NCM111 are much easier at the interfaces 

of 1B2O3@NCM111-SEI (solid-solid) and SEI-electrolyte (solid-liquid) after the cycling 

[28]. We hypothesize that the influence of different interface reactions of NCM111 and 

1B2O3@NCM111 with electrolyte accounts for this phenomenon. For NCM111, unfavorable 

electrolyte/cathode interfacial side reactions strongly affect the electrode materials during 

cycling. While for 1B2O3@NCM111, the B2O3 surface modification can weaken the 

influence of side reactions due to the protective layer effect. Meanwhile, the 

charging/discharging can activate 1B2O3@NCM111 electrode which also lead to the smaller 

Rct [43]. 

The Li+ diffusion coefficients (DLi+) in the electrode are also estimated by plotting the 

linear range of Zre as a function of ω-1/2 as displayed in Figure 4.6e by the following 

equations (Eq. 4.1) and (Eq. 4.2): 

𝐷𝐿𝑖+ =
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝜎2
                                                                                          (4.1)  

𝑍𝑟𝑒 = 𝐾 + 𝜎𝜔−
1
2                                                                                                     (4.2) 

Where R is the gas constant, T is the absolute temperature, A is the electrode surface 

area, n (n =1 according to the reaction of Li+ intercalation/de-intercalation) is the electron 

transfer number per molecule attending the redox process, F is the Faraday constant, C is the 

molar concentration of lithium in cathode material, K is a constant, ω is the frequency, and σ 

is the Warburg factor that has relationship with Zre and obtained from Eq. 4.2. From these 

data, we can get DLi+(1B2O3@NCM111) ≈ DLi+(NCM111) before the cycling performance 

test, indicating that the B2O3 surface modification does not adversely affect the 

lithiation/delithiation of Li+ between the surface of active 1B2O3@NCM111 and the 
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electrolyte. This supports the CV result before cycling. After the 50 charging/discharging 

cycles at 1C rate, DLi+(1B2O3@NCM111) ≈ 2.88DLi+(NCM111), revealing that the B2O3 

surface modification can help protect the 1B2O3@NCM111 cathode particles from severe 

side reactions with electrolyte and enhance the electrochemical performance. 

 

Figure 4.6. Equivalent circuit models used for EIS fitting of the electrode (a) before and (b) 

after cycling; Nyquist plots for (c) NCM111 and (d) 1B2O3@NCM111 electrodes before 

cycling and after cycling for 50 cycles at 1C. The inset tables list the values of Rct at different 

cycles; (e) the relationship between Zre (ohm) and ɷ-1/2 (s-1/2) for the NCM111 and 

1B2O3@NCM111 electrodes before cycling and after cycling for 50 cycles at 1C. 

GITT, firstly developed by Weppner and Huggins [45], has emerged as a robust 

electrochemical technique for characterizing kinetic and transport properties of battery 

electrodes. So GITT tests on cycled cells after the 50 cycles measurement at 1C rate were 

performed aiming to determine the chemical diffusion coefficients of the NCM111 and 

1B2O3@NCM111 electrodes and better understand the effects of the B2O3 surface 

modification on the electrochemical performance. Five charge-discharge cycling were 

performed before the GITT test. Figure 4.7a shows the GITT measurements results of 

NCM111 and 1B2O3@NCM111 performed by being charged at 0.2C rate for a duration of 10 

min (τ) with an relaxation time for 1 h to reach the steady-state voltage (Es). The procedure 
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was repeated until the cell is fully charged to cutoff voltage (4.5 V). An enlarged single 

charge step of NCM111 at around 3.77 V is illustrated in Figure 4.7b with related 

parameters. After subtracting the original voltage (E0) from the steady-state voltage (Es), the 

steady-state voltage change (∆𝐸𝑠) is achieved. ∆𝐸𝜏 is the total transient change in cell 

voltage after subtracting the IR drop. Assuming that Li+ transport in the electrode obeys 

Fick’s second law of diffusion. Figure 4.7c shows that the cell voltage changes in a good 

linearization behavior on plotting against τ1/2 during a single titration process. Therefore, 

after a series of simplifications with a sufficient pulse duration time (τ << L2/DLi+), the 

chemical diffusion coefficient, DLi+ can be obtained by the following equation:  

𝐷𝐿𝑖+ =
4

𝜋𝜏
(

𝑚𝐵𝑉𝑀

𝑀𝐵𝑆
)

2

(
∆𝐸𝑠

∆𝐸𝜏
)

2

                                                                                (4.3) 

Where VM, MB and mB are the molar volume, molecular weight and active mass 

employed of the compound, respectively. S is the surface area of the electrode. L is the 

thickness of the electrode. τ is the pulse duration. The VM values of NCM111 and 

1B2O3@NCM111 are 20.22 and 20.26 cm3/mol for the compounds, respectively obtained 

from the crystallographic data.  

Based on the Eq. 4.3, Figure 4.7d displaces the variation of calculated DLi+ as a 

function of voltage. It is exhibited that the chemical diffusion coefficients in both 

LiNi1/3Co1/3Mn1/3O2 electrode vary from 10-10 to 10-9 cm2 s-1 between 3.0 V and 4.5 V, which 

is in the range of the reported values [46, 47]. The DLi+ values of NCM111 are located 

between 3.58×10-11 and 3.55×10-10 cm2 s-1. However, the DLi+ values of 1B2O3@NCM111 are 

in the range from 1.64×10-10 to 6.50×10-10 cm2 s-1, which indicates higher DLi+ and easier Li+ 

chemical diffusion than that of the NCM111 cathode. Based on the above results, the 

enhanced rate performance and cycling stability of the 1B2O3@NCM111 cathode material 

can be ascribed to the stable B2O3 surface modification layer. It not only enables the surface 
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of the 1B2O3@NCM111 to avoid HF attack which is a common scenario in the conventional 

lithium ion battery with liquid electrolytes containing LiPF6 and a trace amount of water, but 

also might reduce highly reactive Ni4+ induced electrolyte decomposition during direct 

contact between active particles and electrolytes schematically shown in Figure 4.8 [47-49]. 

In addition, the boron doping in trace amount during B2O3 surface modification may also 

contribute to suppressing the surface structure reconstruction from layered to rock-salt 

structure and introducing strong B-O bonds to the surface of 1B2O3@NCM111 particle, by 

this means preventing the TM dissolution and improve the cycling performance [50, 51]. 

 

Figure 4.7. (a) GITT curves of the NCM111 and 1B2O3@NCM111 cathode materials; (b) 

scheme for a single step of a GITT experiment at around 3.77 V of NCM111 cathode 

material; (c) variation of cell voltage during single titration plotted against τ1/2 to show linear 

fit of NCM111 cathode material; (d) chemical diffusion coefficients of Li+ as a function of 

voltage calculated by GITT of NCM111 and 1B2O3@NCM111 cathode materials after 

cycling for 50 cycles at 1C. 
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Figure 4.8. Schematic illustration of B2O3 coating on LiNi1/3Co1/3Mn1/3O2. 

In order to better understand the stability of B2O3 coating layer and how it affects 

electrochemical performance, XRD and XPS characterizations for the cycled samples were 

carried out. The XRD spectra of NCM111 and 1B2O3@NCM111 electrodes after 100 cycles 

under 2C were obtained (Figure 4.9). The decreased intensities of diffraction peaks of both 

the samples after cycling indicate that the crystal structures of both the electrodes suffered 

certain degrees of change [52]. A much smaller shift for the (003) peak of the 

1B2O3@NCM111 compared to that of the NCM111 was observed in Figure 4.9. The shift of 

the (003) peak position can be correlated to the increasing interlayer distance after high-

voltage cycling [53]. Evidenced by in situ XRD experiments [54], the expansion of the 

interlayer distance is caused by the lithium deficiency after repeated charging/discharging. 

Therefore, the B2O3 surface modification is beneficial for stabilizing the crystal structure of 

NCM111 and capacity retention. 
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Figure 4.9. X-ray diffraction patterns and the shifts in the (003) peak of the (a) NCM111 and 

(b) 1B2O3@NCM111 electrodes before cycling and after 100 cycles. 

XPS was further employed to investigate the interfacial degradation of NCM111 and 

1B2O3@NCM111 electrodes after 100 cycles under 2 C. The F 1s spectra of both samples are 

shown in Figure 4.10a, where two peaks at ~685 and ~687.5 eV are observed. The peak at 

~687.5 eV is assigned to the decomposition product LixPOyFz [55]. The peak at ~685 eV can 

be attributed to LiF and MFx (M=transition metal) [56]. LixPOyFz is formed from the 

inevitable chemical decomposition of the LiPF6 salt (electrolyte) at high voltages, and its 

accumulation leads to barriers for Li+ transport across the cathode/electrolyte interface [53]. 

LiF and MFx are derived from the deleterious interactions between the cathode surface and 

degraded electrolyte [53, 56]. The electrochemically inactive species such as LiF and MFx 

accumulate at the electrode surface and generate resistance for Li+ diffusion [53]. However, 

the relative intensities of the two peaks are different for the two cycled samples. The cycled 

NMC111 electrode exhibits a strong peak for LiF/MFx relative to the peak for LixPOyFz. On 

the contrary, a weak peak for LiF/MFx relative to the peak for LixPOyFz is observed for the 

cycled 1B2O3@NCM111 electrode. These results indicate that the B2O3 surface modification 

can mitigate detrimental interactions between the cathode surface and degraded electrolyte. 

Figure 4.10b shows the Ni 2p spectra. The two peaks located at ~855 and ~860.9 eV 

correspond to Ni2+ and the satellite signal, respectively. The peak at ~857.8 eV is assigned to 
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NiF2 [53], consistent with the transition metal fluoride components in Figure 4.10a. 

Moreover, the peak intensity of NiF2 decreases significantly for the cycled 1B2O3@NCM111 

electrode compared with cycled NCM111 electrode, further confirming that B2O3 surface 

modification can mitigate the cathode/electrolyte interactions and prevent the TM dissolution. 

No significant change in XPS spectrum of Co 2p (Figure 4.10c) for 1B2O3@NCM111 

electrode after electrochemical cycling is another strong evidence for the improved structural 

stability. 

 

Figure 4.10. XPS spectra of the cycled cathode electrodes. (a) F 1s; (b) Ni 2p; and (c) Co 2p. 

Both XRD and XPS results demonstrate that the B2O3 surface modification can 

stabilize the structure of the cathode material and mitigate detrimental interactions between 

the cathode surface and degraded electrolyte, leading to the enhanced electrochemical 

performance. 
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4.4. Conclusion 

The LiNi1/3Co1/3Mn1/3O2 (NCM111) cathode with B2O3 surface modification was 

prepared by a facial synthesis method using H3BO3 as the modifier precursor and the effect of 

B2O3 surface modification on the electrochemical properties was comparatively and 

systematically studied. Both TEM and XPS measurements prove that a thin layer of 

amorphous B2O3 is coated on the surface of 1B2O3@NCM111 particles. XRD, SEM and 

TEM testing results exhibit that the morphology and lattice parameters of the particles 

present little change before and after the B2O3 coating. However, the 1B2O3@NCM111 with 

B2O3 surface modification shows 43% improved high-rate (at 5C rate) discharge performance 

and cycling stability (with the capacities retention about 92% and 86% at 1C and 2C rates 

after 50 and 100 cycles measurements) compared to the pristine NCM111 sample. The EIS 

and GITT results reveal that the 1B2O3@NCM111 with B2O3 surface modification electrode 

keeps higher Li+ chemical diffusion coefficient than the pristine NCM111 even after the 

measurement of 50 cycles at 1C rate. Conclusively, this work demonstrates that B2O3 surface 

modification can act as a protection layer to hinder the unfavorable side reactions with 

electrolyte and provide a promising way to achieve optimized and improved electrochemical 

behaviors of advanced cathode material for the future lithium-ion batteries. 
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CHAPTER 5: EFFECTS OF DISTRIBUTION AND DOPING ELEMENT OF Li7La3Zr2O12 

CERAMIC FILLERS ON THE AMBIENT-TEMPERATURE ELECTROCHEMICAL 

PERFORMANCE OF POLY(VINYLIDENE FLUORIDE) BASED COMPOSITE 

POLYMER ELECTROLYTES 

 

To Be Published Work Disclosure: This chapter is adapted from a manuscript in 

preparation. (J. Li, R. Wang, Effects of distribution and doping element of Li7La3Zr2O12 

ceramic fillers on the ambient-temperature electrochemical performance of poly(vinylidene 

fluoride) based composite polymer electrolytes). 

5.1. Introduction 

To meet the rapidly growing demand for small consumer electronics or large electric 

vehicles with increased energy density, rechargeable lithium-ion batteries have been 

intensively studied and also posed great challenges for researchers [1, 2]. One of the major 

challenges is the safety issues of commercial lithium-ion batteries associated with its 

flammable characteristics of organic liquid electrolytes and Li dendrite nucleation/growth 

during repeated charge/discharge cycling, both of which could lead to fire/explosion hazards 

[3, 4]. One of the promising solutions for these safety concerns is to replace liquid 

electrolytes with solid-state electrolytes (SSEs) to enable solid-state batteries (SSBs), which 

can provide increased energy density, longer lifespan, and good reliability [5].  

Ceramics and polymers are two main categories of SSEs. Among the ceramic SSEs, 

garnet-type cubic phase Li7La3Zr2O7 (LLZO) is the one that attracts the most attention for Li 

metal SSBs, due to its high ionic conductivity (10-3~10-4 S cm-1) and good chemical 

compatibility with Li metal anodes [6]. However, it is still facing major challenges, such as 

mechanical fragility (when the pellet is thinner than ~20 μm) and high interfacial impedance 

between the electrolyte and electrodes [7]. In contrast, soft polymer electrolytes, such as 
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poly(ethylene oxide) (PEO), polyacrylonitrile (PAN), poly(methyl methacrylate) (PMMA), 

poly(vinylidene fluoride) (PVDF), etc., are ductile, easily processible, and can enable better 

interface contact and lower resistance between the electrolyte and electrodes. Unfortunately, 

the polymer electrolytes, like the most studied PEO based solid polymer electrolytes, still 

suffer obstacles of low ionic conductivity at room temperature (10-7~10-6 S cm-1) and poor 

thermal and electrochemical stabilities [8-10]. An attractive alternative to SSEs made of pure 

polymers or ceramics is their combination, i.e. composite polymer electrolytes (CPEs), in 

which ceramic particles (as filler) are incorporated into the ion-conducting flexible polymer 

matrix. CPEs are not only flexible but also exhibit a higher ionic conductivity, ionic 

transference number, and enhanced thermal and electrochemical stability [11].  

With high polarization for effective dissolution of lithium salt, good electrochemical 

stability and better thermal and mechanical properties than PEO [12, 13], PVDF is another 

excellent candidate as a polymer matrix for CPEs. Incorporating Li+-conductive LLZO 

ceramic filler into the PVDF polymer matrix could be favorable for high-performance CPEs. 

For PVDF based CPEs, with active fillers as well as inert fillers, previous investigations have 

been mainly focused on understanding the influence of the ceramic filler type, content, and 

morphology on the ionic transport, electrodeposition properties, and cell performances of the 

prepared CPEs. For example, PVDF based CPEs with ceramic particles, such as SiO2, TiO2, 

BaTiO3, Li1.3Al0.3Ti1.7(PO4)3, LLZO, and palygorskite nanowires, have been investigated and 

presented improved ionic conductivity and other electrochemical properties [10, 13-17]. For 

active LLZO fillers, Zhang et al. [13] reported that the interactions between the PVDF 

matrix, lithium salt, and LLZO fillers lead to a significantly improved performance of the 

CPE, with not only the highest ionic conductivity of ~5 × 10−4 S cm–1 at 25 °C with 10 

wt.% LLZO particles, but also good mechanical strength and thermal stability. Compared to 

the particles, it has also been found that the incorporation of 10 wt.% LLZO nanofibers can 
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further improve the ionic conductivity and other electrochemical performances, due to the 

formation of a three-dimensional Li+ conductive network in the polymer matrix [18]. The 

abovementioned results about understanding the enhanced electrochemical performance of 

PVDF based CPEs are all based on the assumption that the ceramic fillers are uniformly 

distributed in the polymer matrix. Due to the relative high viscosity of the polymer matrix 

during processing, inhomogeneous distribution (i.e., LLZO > PVDF) or aggregation of filler 

particles is expected during the mixing and other processing steps. However, for the same 

amount of filler addition, how the particle distribution will influence the ionic transport and 

electrochemical performance of the PVDF based CPEs is still lacking, especially for those 

CPEs with LLZO ceramic fillers. It has been reported by Cao et al. [19] that dispersibility of 

inert nano-TiO2 is an important factor in enhancing the performance of poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) based CPEs. Liu et al. [20] also found that  

uniformly dispersed LLZO fillers with a polydopamine coating layer in PEO/LiTFSI polymer 

electrolyte had enhanced electrochemical properties. Therefore, it is needed to further explore 

how the distribution of fillers influences the electrochemical performance of the CPEs. 

Recently, wet ball milling processing has been demonstrated to be an effective 

method to prepare highly homogeneous ceramic/polymer composites [21]. Motivated by 

understanding the quantitative relation between filler distribution and electrochemical 

performances mentioned above, in this work, we have focused on an LLZO/PVDF (LiClO4) 

composite electrolyte system with a fixed amount of fillers content (10 wt.% LLZO), while 

the LLZO distribution was controlled by two different processing methods (mechanical 

stirring and ball milling). In addition, Al- and Bi-doped LLZO ceramic fillers 

(Li6.25Al0.25La3Zr2O12 [22, 23] and Li6.25La3Zr1.25Bi0.75O12 [24]) with the similar optimized 

ionic conductivity (both are ~2.0 × 10−4 S cm-1 at room temperature) were chosen to 

represent two different elements doped LLZO fillers. Therefore, three PVDF based CPEs 
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containing 10 wt.% LLZO filler with different elements doping (Al vs. Bi) and different 

distribution conditions (hereafter referred to as 10Al-LLZO@MS: prepared by mechanical 

stirring method, 10Al-LLZO@BM: prepared by ball milling method, and 10Bi-LLZO@BM: 

prepared by ball milling method) were developed, and a comparative study was carried out to 

investigate the effects of distribution and doping element of LLZO ceramic fillers on the 

ambient-temperature electrochemical performance of PVDF based CPEs, which is 

unexplored in this composite system till now. 

5.2. Experimental methods 

5.2.1. Preparation of materials 

The Al-doped LLZO (nominal composition Li6.25Al0.25La3Zr2O12) and Bi-doped 

LLZO (nominal composition Li6.25La3Zr1.25Bi0.75O12) powders in this work were prepared 

using a Pechini sol-gel method [25]. Stoichiometric amounts of LiNO3 anhydrous (99%, Alfa 

Aesar), La(NO3)3·6H2O (99.9%, Alfa Aesar), ZrO(NO3)2·xH2O (99.9%, Alfa Aesar), 

Al(NO3)3·9H2O (99+%, Acros Organics), and Bi(NO3)3·5H2O (98%, Alfa Aesar) were first 

dissolved in deionized water to prepare metal nitrate precursor solutions. Excess Li (10 wt.%) 

was added to compensate for expected Li loss during high-temperature heat treatments. The 

citric acid (99.5%, Aldrich) and ethylene glycol (Fisher Chemical), in a molar ratio of 60:40, 

were added to the metal nitrate solution as complexing agents. The overall ratio of metallic 

ion to organic molar was 38:62, which was used to achieve the desired foaming behavior. 

The mixture was homogenized by magnetic stirring and then heated at around 120 °C in a 

fume hood until a solidified white foam formed. The foams were crushed and then calcined at 

900 °C (Al-doped LLZO) or 700 °C (Bi-doped LLZO) for 6 h in air in an alumina crucible. 

Part of the as-calcined powders was ball milled in isopropyl alcohol at 500 rpm for 10 h using 

PQ-N04 planetary ball mill (Across International, Inc.), followed by drying at 80 °C. 

In a typical CPE preparation procedure (Figure 5.1), PVDF (average Mw~534,000 by 
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GPC, Sigma-Aldrich) polymer and lithium perchlorate (LiClO4, 99.99%, Sigma-Aldrich) salt 

with a weight ratio of 4:1 were dissolved in N, N-dimethylformamide (DMF, 99.9%, VWR) 

by magnetic stirring at about 45 °C for 5 h to completely dissolve the polymer and lithium 

salt then obtain a uniform solution. Then 10 wt.% (with respect to the weight of PVDF 

polymer) LLZO powder was added, and mechanically stirred or ball milled to prepare slurries 

with optimal flow viscosity and rheology. For the mechanical stirring method, the mixture of 

the polymer solution and as-calcined Al-doped LLZO powders was intensively stirred for 24 

h on a magnetic hot plate. For the ball milling method, the mixture of the polymer solution 

and well dispersed Al- or Bi-doped LLZO ball-milled powders in DMF was ball milled for 

30 min in 3 cycles at 300 rpm with ZrO2 balls. Each cycle was 10 min operation with 5 min 

pause. This procedure was chosen to avoid temperature increase and destructive effects on 

the polymer during the ball milling. The mechanically mixed or the ball milled slurry was 

then cast on a mylar sheet substrate to produce the CPE membranes. The CPE membranes 

were firstly dried in air at 60 °C for 12 h and then dried in a vacuum oven at 60 °C for 12 h 

before use. The CPE membrane achieved with the mechanical stirring method was named as 

10Al-LLZO@MS, and the CPE membranes achieved with the ball milling method were 

named as 10Al-LLZO@BM and 10Bi-LLZO@BM (Figure 5.1). The 10wt.% LLZO mass 

content in the CPEs was chosen according to the percolation threshold data reported in 

previous literature [13, 26]. Pure PVDF membrane was also prepared just without LLZO 

fillers for a comparison purpose. 
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Figure 5.1. A schematic diagram of the synthesis procedures of PVDF based CPE 

membranes. 

5.2.2. Material characterization 

X-ray diffraction (XRD, Philips X’Pert MPD) analysis with Cu Kα source (λ=0.154 

nm) was used to study the crystal structures of the LLZO powders and the CPEs. The plan-

view and cross-section morphology of the synthesized CPEs and assembled battery cells was 

characterized by a field emission scanning electron microscope (SEM; Thermo Scientific 

Apreo FE-SEM).  

5.2.3. Electrochemical measurements and batteries assembly 

The Li+ conductivity of the CPEs was obtained using electrochemical impedance 

spectroscopy (EIS) in the frequency range from 1 MHz to 0.1 Hz with 10 mV excitation 

amplitude. The stainless steel (SS)/CPE/SS cell configuration was used to determine ionic 

conductivities. Based on the measured results, the conductivity (σ) was calculated using the 

following equation (Eq. 5.1): 

𝜎 =
𝑡

𝐴 ∙ 𝑅
                                                                                                                 (5.1) 

where t, A, and R are the thickness, area, and resistance of the CPE membrane, 
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respectively. 

Linear sweep voltammetry (LSV) was applied to investigate the electrochemical 

stability of the CPEs at 20 °C in a potential range from 2.0 to 6.0 V at a scanning rate of 1 

mV s-1 with SS as a working electrode and Li metal as both reference and counter electrodes. 

The Li+ transference number (tLi+) of the CPEs was measured by a combination measurement 

of AC impedance and DC polarization on a Li/CPE/Li symmetrical cell with an applied DC 

voltage of 10 mV. The tLi+ was calculated by the Bruce-Vincent equation (Eq. 5.2) [27]: 

𝑡𝐿𝑖+ =
𝐼𝑠𝑠(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑠𝑠𝑅𝑠𝑠)
                                                                                         (5.2) 

where ΔV is the potential applied across the cell. I0 and Iss are the initial and steady-

state currents. R0 and Rss represent the resistance values before and after the polarization by 

AC impedance measurement with the frequency between 1 MHz and 0.1 Hz. All the above 

electrochemical tests were tested on an Gamry Interface 1010E electrochemical workstation. 

To prepare positive electrodes, homogenized cathode slurry with a 75:15:10 mass 

ratio of active material (LiCoO2): carbon black: PVDF dissolved in 1-methyl-2-pyrrolidinone 

(NMP) was cast onto aluminum foils. After heating at 80 °C overnight and then drying in 

vacuum at 120 °C for 12 h, the prepared electrodes were then cut into disks with a diameter 

of 15 mm with a loading density of ~2.8 mg cm-2, and subsequently transferred into an argon-

filled glove box (O2 and H2O content < 0.1 ppm). Electrochemical performances were 

evaluated on a coin-type cell (CR2032) composed of a cathode, a lithium metal anode, a CPE 

membrane as both the separator and the electrolyte. 15 μL liquid electrolyte (1 M lithium 

hexafluorophosphate (LiPF6) in ethylene carbonate (EC), dimethyl carbonate (DMC), and 

diethyl carbonate (DEC) (1:1:1 v/v/v)) was added between CPE and cathode electrode to 

minimize the solid/solid interfacial impedance, so the performance can be ensured at 20 °C. 

The charge/discharge measurements were performed over a voltage window from 3.0 to 4.2 

V or 3.0 to 4.5 V under constant current mode on a battery testing system (Neware 8 Channel 
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Battery Analyzer). The constant current galvanostatic cycling of the Li/CPE/Li symmetrical 

cells was also performed on this battery testing system. The current density was set as 0.1 mA 

cm-2 and the capacity was 0.05 mAh cm-2. 

5.3. Results and discussion 

5.3.1. Characterization of the CPE membranes 

Two different doping elements were used to stabilize cubic phase LLZO at room 

temperature: Al and Bi [22, 24]. As shown in the XRD patterns of Figure S5.1, the crystal 

structure of both the as-calcined LLZO powders and the powders with the ball milling 

treatment can be assigned to cubic phase LLZO according to the standard pattern of ICDD 

(PDF-04-019-8837). Figure 5.2 shows the XRD profiles of pure PVDF, 10Al-LLZO@MS 

CPE, 10Al-LLZO@BM CPE, and 10Bi-LLZO@BM CPE. By comparison with the XRD 

patterns in Figure S5.1, it is clear that the structure and crystallinity of LLZO filler do not 

change after incorporation into the PVDF matrix. Apart from the diffraction peaks of cubic 

phase LLZO, the XRD patterns also exhibit several broad diffraction peaks at around 18, 20, 

and 40° (Figure 5.2), corresponding to the γ-phase PVDF in the CPEs [28]. 

 

Figure 5.2. XRD patterns of pure PVDF and PVDF based CPE membranes. 
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Figure 5.3 shows SEM images of the top surface, bottom surface, and cross-section 

of the CPE membranes using backscatter electron (BSE) imaging mode. The contrast of BSE 

imaging is highly sensitive to the differences in atomic number, and the phase with higher 

average atomic number appears brighter in the image. Considering the higher average atomic 

number of LLZO than that of PVDF, the distribution of LLZO particles in these CPE 

membranes can be easily recognized. For 10Al-LLZO@MS CPE, it is obvious that the large 

Al-doped LLZO particles without ball milling treatment accumulated at the bottom surface of 

the membrane (Figure 5.3b), evidencing the nonuniform distribution of the LLZO particles 

across the membrane (Figure 5.3c). In comparison, for 10Al-LLZO@BM CPE and 10Bi-

LLZO@BM CPE, from Figure 5.3f and i, they show that small Al- or Bi-doped LLZO 

particles distributed uniformly across the membranes, as a result of the ball milling treatment. 

However, with more careful observation of Figure 5.3d, e, g, and h, the distribution of the 

LLZO particles in 10Al-LLZO@BM CPE is more uniform than 10Bi-LLZO@BM CPE, 

because of a roughly equal amount of LLZO particles locating at the top and bottom surfaces. 

Although the particle sizes of Al- or Bi-doped LLZO particles after ball milling treatment are 

similar, the relatively nonuniform distribution for Bi-doped LLZO particles is possibly due to 

the relatively high density and corresponding gravity effect. The theoretical density of Al-

doped LLZO is 5.17 g cm−3 [29], whereas the theoretical density for Bi-doped LLZO is 

determined to be ~5.54 g cm−3 [30]. The SEM images also show that all these three PVDF-

based membranes have small pores on the surface, which might be attributed to the phase 

separation between the PVDF matrix and the solvent during evaporating [13]. 
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Figure 5.3. Top-view (a, d and g), bottom-view (b, e and h) and cross-sectional (c, f and i) 

secondary electron SEM images of (a, b and c) 10Al-LLZO@MS, (d, e and f) 10Al-

LLZO@BM, and (g, h and i) 10Bi-LLZO@BM PVDF based CPE membranes. 

5.3.2. Ion transport properties of the CPE 

Figure 5.4 presents the Nyquist spectra of the CPE membranes measured at 20 °C 

and the fitting results are shown in Figure S5.2. Generally speaking, depressed semicircle 

from high to intermediate frequencies is ascribed to the parallel combination of bulk 

resistance and bulk capacitance, which are associated with the migration of ions and the 

immobile polymer chains, respectively [13, 31]. The linear behavior at low frequencies is 

attributed to the double-layer capacitance formed at the interface between the electrode and 

the electrolyte [31]. 
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Figure 5.4. Impedance spectra of pure PVDF and PVDF based CPE membranes at 20 °C 

with the equivalent circuit. 

The measured ionic conductivity of pure PVDF polymer electrolyte is ~4.3 × 10−5 S 

cm-1, which is similar to the result of previous reports [13]. With the incorporation of 10 

wt. % LLZO particles, regardless of the LLZO filler distribution, the ionic conductivities of 

the CPEs increase. For 10Al-LLZO@MS CPE, with the nonuniform distribution of LLZO 

particles, the ionic conductivity is ~7.7 × 10−5 S cm-1. For 10Al-LLZO@BM CPE and 

10Bi-LLZO@BM CPE, with the more uniform distribution of LLZO particles, the ionic 

conductivities are one order higher and reach ~1.5 × 10−4 and 1.1 × 10−4 S cm-1, 

respectively, agreeing with previous results [13]. The enhanced ionic conductivity of CPEs 

after the incorporation of LLZO particles can be attributed to the following possible reasons. 

First of all, La ions in LLZO could complex with the N atoms and C=O groups of solvent 

DMF, causing the N atoms to be in a high-electron-density state [13]. Then this complex 

leads to partial dehydrofluorination of PVDF and enhanced acid-base interactions between 

PVDF, LiClO4, and LLZO in the CPEs, which can facilitate LiClO4 dissociation to increase 

Li+ carrier density for conduction [13]. On the other hand, the reduced crystallinity of the 
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PVDF matrix resulted from the partial dehydrofluorination and the interactions between 

LLZO and F atoms in the CPEs, could promote the polymer segmental motion and thus ionic 

migration [13]. Besides, more favorable conduction pathways provided by well dispersed and 

highly conductive LLZO fillers and the increased LLZO/polymer interface can account for 

the higher ionic conductivity of 10Al-LLZO@BM and 10Bi-LLZO@BM CPEs, which is 

consistent with the previous findings [19, 20]. In other words, the agglomeration of the 

inorganic filler particles in the polymer matrix can impede the migration of Li+, much 

attention should be paid to optimize their distribution [16]. 

5.3.3. Critical electrochemical properties of the CPE 

In addition to the ionic conductivity, several other electrochemical properties are also 

critical to evaluate the SPEs for a stable and safe lithium metal battery: (1) the 

electrochemical stability window, (2) Li+ transference number (tLi+), and (3) the ability to 

suppress lithium dendrite growth. 

The first key property is the electrochemical stability of the SPEs. To be utilized with 

the prevailing cathode materials (NCA: LiNixCoyAl1-x-yO2 and NMC: LiNixMnyCo1-x-yO2) 

whose working voltage is usually ≥4.2 V, the oxidation potential of the SPE needs to be at 

least higher than 4.2 V to avoid the decomposition of the electrolytes [32]. Thus, LSV was 

performed and the electrochemical stability windows of the prepared CPEs are compared in 

Figure 5.5. It shows that the pure PVDF membrane begins to decompose at ~3.75 V vs. 

Li+/Li. For 10Al-LLZO@MS CPE, it begins to decompose above 4.25 V vs. Li+/Li, 

indicating that the incorporation of LLZO particles into the PVDF matrix results in better 

oxidation stability compared with the pure PVDF electrolyte. Similar results of increased 

oxidation potential were also observed with the addition of LLZO into other polymer 

matrixes like PEO [8, 33], PAN [34], PVDF-HFP [35], and so on. Moreover, the 10Al-

LLZO@BM and 10Bi-LLZO@BM CPEs both exhibit an extended electrochemical window 
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until 4.8 V vs. Li+/Li. At the same time, the current rises relatively slowly after the 

decomposition voltage, indicating that the incorporation of well-distributed LLZO fillers 

might be beneficial to the further enhancement of electrochemical stability of PVDF-based 

electrolytes via the processing optimization. This increased electrochemical window 

demonstrates the potential suitability of 10Al-LLZONP@BM and 10Bi-LLZONP@BM 

CPEs for SSBs with high-voltage cathode materials. 

 

Figure 5.5. LSV curves of pure PVDF and PVDF based CPE membranes vs. Li+/Li at 20 °C. 
Li+ transference number (tLi+) is another essential property, which is to evaluate the 

mobility of Li ions in electrolytes. A high tLi+ can limit anion reactions at electrode surfaces, 

retard lithium dendrite formation and growth, reduce the effects of concentration polarization, 

and allow high power densities with fast charging [36-38]. Figure 5.6 shows the current-time 

profiles of four Li/CPE/Li cells with different CPEs at 20 °C. The insets exhibit the Nyquist 

impedance spectra before and after polarization. Based on the Bruce-Vincent equation (Eq. 

5.2) [27], the measurement parameters and results of tLi+ are listed in Table 5.1. It is shown 

that the tLi+ increases from 0.25 for pure PVDF electrolyte (Figure 5.6a) to 0.34 for 10Al-

LLZO@MS CPE (Figure 5.6b), further to 0.43 for 10Al-LLZO@BM CPE (Figure 5.6c) and 
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0.42 for 10Bi-LLZO@BM CPE (Figure 5.6d), respectively. The results clearly manifest that 

the tLi+ obtains much improvement (36~72%) after the LLZO incorporated into the PVDF 

matrix, especially with the well-distributed LLZO fillers. There are several possible 

explanations for the improved tLi+. First, with the addition of Li-conducting cubic LLZO 

(tLi+≈1) particles, the polymer segmental motion is boosted with the interaction of LLZO 

fillers and polymer chains, thus, the mobility of Li+ and tLi+ are improved [35, 39, 40]. 

Second, based on the Lewis acid-base theory [41], the interactions between the LLZO surface 

and ClO4
−

 anions in the lithium salt of LiClO4 can constrain the motion of ClO4
−

 and 

improve the transference number [10, 26, 40]. Third, due to the better dispersion of LLZO 

fillers in the 10Al-LLZO@BM and 10Bi-LLZO@BM CPEs, ion transport through the 

increased LLZO/polymer interfaces also might account for part of improvement [8, 20]. 

Table 5.1. Measured values for the parameters in Eq. (5.2) and the corresponding calculated 

values of Li+ transference numbers at 20 °C. 

Electrolytes I0 /μA Iss /μA R0 /Ω Rss /Ω tLi+ 

pure PVDF 1.63 0.49 3500 9900 0.25 

10Al-LLZO@MS 5.31 1.69 1455 4647 0.34 

10Al-LLZO@BM 2.75 1.75 2800 3800 0.43 

10Bi-LLZO@BM 2.02 0.92 2100 4042 0.42 
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Figure 5.6. Current-time profiles of a symmetrical Li/CPE/Li cell at 20 °C. (a) pure PVDF, 

(b) 10Al-LLZO@MS, (c) 10Al-LLZO@BM, and (d) 10Bi-LLZO@BM. The inset shows the 

Nyquist plots of the corresponding cell before and after polarization. 

For the batteries with lithium metal anodes, it is also crucial for the electrolyte to 

suppress the lithium dendrite growth/penetration in case of battery failure by short-circuiting. 

As for the LLZO-based all solid state Li-metal battery, due to the poor solid-solid contact 

between the LLZO electrolyte and lithium metal anode, both inhomogeneous deposition of Li 

and the penetration of Li dendrite through the LLZO were observed [42]. In this study, the as-

prepared flexible PVDF based CPEs can provide intimate and homogeneous contact between 

the electrolyte and lithium metal anode, however, the dendrite-suppressing capabilities of 

three CPEs are quite different due to the LLZO filler distribution and different elemental 

doping. The constant current galvanostatic cycling of the Li/CPE/Li symmetrical cells was 

implemented to test the dendrite-suppressing capability and durability of three prepared CPEs 

(Figure 5.7). The applied constant current density was set as 0.1 mA/cm2 with changing the 

sign of current every 30 min. The Li/10Al-LLZO@MS/Li cell could only be operated for ~ 

13 h with large overpotential before the short-circuiting (Figure 5.7a), but the Li/10Al-
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LLZO@BM/Li (Figure 5.7b) and Li/10Bi-LLZO@BM/Li (Figure 5.7c) cells could be 

continuously operated for 150 h without short-circuiting. On the other hand, the overpotential 

of the Li/10Al-LLZO@BM/Li cell during cycling retains < 0.25 V for 125 h, while the 10Bi-

LLZO@BM cell displays a gradually increased overpotential to about 1.0 V followed by a 

sudden voltage drop after ~ 100 h. The lower overpotential and longer cycling time of the 

Li/10Al-LLZO@BM/Li cell indicate more effective and stable Li metal stripping/plating 

during the constant current galvanostatic cycling [43]. 

 

Figure 5.7. Galvanostatic cycling curves of Li/CPE/Li symmetrical cell at a current density 

of 0.1 mA cm-2 and 20 °C. (a) 10Al-LLZO@MS, (b) 10Al-LLZO@BM and (c) 10Bi-

LLZO@BM. 
From the cross-sectional SEM images of the Li/10Al-LLZO@MS/Li cell, many 

lithium dendrites were observed (Figure 5.8). The formation of lithium dendrites, which 



114 

 

might be caused by the focused Li+ current at the electrolyte/Li anode interface arose from 

nonuniformly distributed LLZO fillers in the PVDF matrix (aggregation to one side), is 

believed to cause the short circuit after a relatively short time among three CPEs. For the 

Li/10Al-LLZONP@BM/Li cell, since LLZO fillers are uniformly distributed inside the 

PVDF matrix, the local current density at the electrolyte/Li anode interface is significantly 

reduced [8, 44]. According to the space-charge theory [38, 45], the improved Li+ transference 

number of the CPE could also lead to a homogeneous Li+ distribution near the lithium metal 

anode and further uniform lithium electrodeposition. In contrast, a strong space charge will 

form near the lithium metal anode and hence lead to dendritic lithium deposition if 

electrolytes with limited tLi+ are used [45]. 

 

Figure 5.8. SEM images of the interface between Li and CPE in the Li/10Al-LLZO@MS/Li 

cell after the galvanostatic cycling test. 
To further evaluate the effects of distribution and doping element of Li7La3Zr2O12 

fillers on the capability to suppress lithium dendrite, galvanostatic polarization by plating 

lithium continuously at a constant current density of 0.5 mA/cm2 was applied on the 

Li/CPE/Li symmetric cells with three different CPEs (Figure 5.9). The shorting time was 

used as an indicator. Short circuit occurred only after ~2 h running for 10Al-LLZO@MS CPE 

(Figure 5.9a), whereas 10Al-LLZO@BM (Figure 5.9b) and 10Bi-LLZO@BM (Figure 

5.9c) CPEs were able to be charged without short‐circuiting for more than ~4.5 h. This result 

implies that the CPE lifetime could be further extended if LLZO fillers are uniformly 
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distributed inside the PVDF matrix. Similar to other electrochemical performance, 10Al-

LLZO@BM CPE lasted a little longer than 10Bi-LLZO@BM CPE because of the more 

uniform distribution of LLZO fillers. 

 

Figure 5.9. Voltage profiles of (a) Li/10Al-LLZO@MS/Li cell, (b) Li/10Al-LLZO@BM/Li 

cell and (c) Li/10Bi-LLZO@BM/Li cell at a constant current density of 0.5 mA cm-2 and 

20 °C. 

5.3.4. Cell performance of the CPEs 

With the proven electrochemical properties above, three CPEs were applied in 

assembling solid-state lithium metal batteries. All the cell performances shown below were 

assessed at 20 °C.  

Firstly, the cycling performance of the CPEs based solid-state lithium metal batteries 

was evaluated by using high voltage LiCoO2 (4.2 V) as the cathode and Li metal as the anode 

at a current density of 0.1C (1C=140 mAh·g-1) (Figure 5.10). For the cell with 10Al-

LLZO@MS CPE (Figure 5.10a), the specific discharge capacity dropped rapidly from the 

initial ~130 mAh·g-1 to the ~90 mAh·g-1 during the first 40 cycles. After 100 cycles, it only 

delivered a discharge capacity of ~30 mAh·g-1, and a Coulombic efficiency of 90% was 

retained for the whole 100 cycles of charging/discharging. It is also obvious that the voltage 

polarization of the cell during cycling increased remarkably from the characteristic charge-

discharge curves of the Li/10Al-LLZO@MS/LiCoO2 cell (Figure 5.10b). In contrast, the 

cells with 10Al-LLZO@BM and 10Bi-LLZO@BM CPEs (Figure 5.10d and g) exhibited 

much better cycling capability. The Li/10Bi-LLZO@BM/LiCoO2 cell displayed an initial 

discharge capacity of ~136 mAh g-1 with a capacity retention of 70.7% after 100 cycles and 
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the Li/10Al-LLZO@BM/LiCoO2 cell showed an initial discharge capacity of ~132 mAh g-1 

with a higher capacity retention of 82.6% after 100 cycles. Moreover, a Coulombic efficiency 

of nearly 99% was retained during the whole 100 cycles for the Li/10Al-LLZO@BM/LiCoO2 

cell, whereas the Coulombic efficiency of the Li/10Bi-LLZO@BM/LiCoO2 cell was slightly 

lower. The Li/10Al-LLZO@BM/LiCoO2 cell presented the best cycle stability compared to 

the performances of the other two cells. From Figure 5.10e and h, for the first 40 cycles, 

both of the Li/10Al-LLZO@BM/LiCoO2 and Li/10Bi-LLZO@BM/LiCoO2 cells showed a 

good discharge performance, but after extended cycles, the polarization of the Li/10Bi-

LLZO@BM/LiCoO2 cell was more serious with the discharge plateau shifting to a lower 

voltage. However, with the more uniform distribution of LLZO fillers in the PVDF matrix 

(σ=1.5 × 10−4 S cm-1, tLi+=0.43), the Li/10Al-LLZO@BM/LiCoO2 cell displayed a higher 

discharge plateau after the first 40 cycles, and the discharge capacity remained above 100 

mAh·g-1 after 100 cycles, suggesting small electrolyte resistance and interfacial resistances 

on both anode and cathode sides [46]. This can be also evidenced by the almost unchanged 

redox peak positions after extensive cycling as shown in Figure 5.10f. 

Figure 5.11a shows the comparison of the rate performance of three CPEs. The 

Li/10Al-LLZO@BM/LiCoO2 cell outperforms the other two cells regarding the rate 

capability at various discharge current rates from 0.2C to 2C rate. The Li/10Al-

LLZO@BM/LiCoO2 cell delivered a stable discharge capacity of ~105, ~96, and ~74 mAh g-

1 at 0.5C, 1C, and 2C rates, respectively. In comparison, the specific capacities of the 

Li/10Bi-LLZO@BM/LiCoO2 cell at the same current densities are ~98, ~86, and ~50 mAh g-

1, respectively. And the Li/10Al-LLZO@MS/LiCoO2 cell only delivered the discharge 

capacity of ~95, ~74, and ~26 mAh g-1 at the same current rates. However, when the current 

rate increases to 5C, all the cells showed a capacity of nearly 0 mAh g-1, which might be due 

to the large ohmic and concentration polarizations of the cells resulted from the poor Li+ ionic 
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conductivity and insufficient Li+ transference number of the CPEs induced by large current 

densities [32, 47]. After the discharge current rate was back to 0.2C, ~84.6% of the initial 

capacity was recovered for the Li/10Al-LLZO@BM/LiCoO2 cell, which was better than that 

of the Li/10Bi-LLZO@BM/LiCoO2 cell (~79.2%). For the 10Al-LLZO@MS CPE, the cell 

was short circuited after the 32nd charging at 0.2C (Figure 5.11b). Overall, based on the 

above results, the Li/10Al-LLZO@BM/LiCoO2 cell maintained good cycling performance 

and rate performance, displaying the potential of 10Al-LLZO@BM CPE in practical solid-

state Li-metal battery applications. 

 

Figure 5.10. (a, d and g) Cycling performances, (b, e and h) typical charge-discharge curves 

and (c, f and i) corresponding dQ/dV vs. voltage curves of Li/CPE/LiCoO2 cells between 3.0 

and 4.2 V versus Li+/Li at 0.1 C (1 C = 140 mAh·g-1) and 20 °C. (a, b and c) 10Al-

LLZO@MS, (d, e and f) 10Al-LLZO@BM and (g, h and i) 10Bi-LLZO@BM. 
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Figure 5.11. (a) Rate capability of Li/CPE/LiCoO2 cells between 3.0 and 4.2 V versus Li+/Li 

(1 C = 140 mAh·g-1) at 20 °C, (b) the 32nd charge curve for the 10Al-LLZO@MS CPE. 
With the increasing demand for higher energy density, the upper cutoff voltage of 

LiCoO2‐based batteries is required to increase to >4.2 V to achieve this goal [48]. Thus, the 

cell performance of the CPEs was also evaluated using Li metal as the anode and LiCoO2 as 

the cathode with a cutoff voltage of 4.5 V at a current density of 0.2C (1C=185 mAh·g-1) 

(Figure 5.12), aiming to examine the compatibility of the CPEs with LiCoO2 charging to 

ultrahigh voltage. Because of the poor electrochemical performance of the 10Al-LLZO@MS 

CPE, only Li/10Al-LLZO@BM/LiCoO2 and Li/10Bi-LLZO@BM/LiCoO2 cells were tested. 

As shown in Figure 5.12a and d, both of the Li/10Al-LLZO@BM/LiCoO2 and Li/10Bi-

LLZO@BM/LiCoO2 cells experienced a significant capacity fading during the 100 cycles of 

charging/discharging. However, after 40 cycles, there was an accelerated fading of the 

capacity for the Li/10Bi-LLZO@BM/LiCoO2 cell, whereas the fading of the capacity for the 

Li/10Al-LLZO@BM/LiCoO2 cell was retarded. After 100 cycles, the Li/10Al-

LLZO@BM/LiCoO2 cell remained a discharge capacity of ~60 mAh g-1, but the Li/10Bi-

LLZO@BM/LiCoO2 cell failed after the 70th cycle as shown from Figure 5.12b and e. 

According to literature [49], when increasing the cutoff voltage, fast LiCoO2 cathode capacity 

fading was caused by cobalt dissolution and formation of the spinel-like layer on the surface 

of LiCoO2 particles. In our result, this is evidenced by the broader oxidation-reduction peaks 
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and the almost disappeared charge-discharge plateaus in Figure 5.12c and f. Although both 

cells exhibited rapid capacity fading during cycling, the Li/10Al-LLZO@BM/LiCoO2 cell 

still outperformed the Li/10Bi-LLZO@BM/LiCoO2 cell, indicating better potential of 10Al-

LLZO@BM CPE with high-voltage cathode materials if treated by proper surface 

modification [48, 49]. 

 

Figure 5.12. (a and d) Cycling performances, (b and e) typical charge-discharge curves and 

(c and f) corresponding dQ/dV vs. voltage curves of Li/CPE/LiCoO2 cells between 3.0 and 

4.5 V versus Li+/Li at 0.2 C (1 C = 185 mAh·g-1) and 20 °C. (a, b and c) 10Al-LLZO@BM 

and (d, e and f) 10Bi-LLZO@BM. 
5.4. Conclusion 

Three PVDF based CPEs with 10 wt.% LLZO ceramic filler content were prepared by 

different filler processing conditions, and the influences of distribution and doping element of 

LLZO ceramic fillers on the ambient-temperature electrochemical performance of PVDF 

based CPEs were comparatively investigated. SEM results indicate that the ball mill 

processed samples show much improved uniformity of LLZO filler distribution. It is also 

found that that the distribution of LLZO ceramic filler in the polymer matrix is a key factor to 

affect the electrochemical performance of PVDF based CPEs. Among three different CPEs, 

10Al-LLZO@BM CPE with the best uniformity of LLZO filler distribution shows the 
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highest ionic conductivity (1.5 × 10−4 S cm-1) and Li+ transference number (0.43) as well as 

a wide electrochemical stability window (2~4.8 V vs. Li/Li+). Due to the poor distribution of 

LLZO filler, the electrochemical properties of 10Bi-LLZO@BM CPE are inferior compared 

to those of 10Al-LLZO@BM CPE. Due to the significant surface aggregation of LLZO 

fillers, 10Al-LLZO@MS CPE performed the worst among three CPEs, but still outperformed 

the pure PVDF electrolyte. In addition, 10Al-LLZO@BM CPE enables more effective and 

stable Li metal stripping/plating. Moreover, the Li/LiCoO2 cell with 10Al-LLZO@BM CPE 

exhibits not only the best cycling performance at 0.1C rate and rate performance over a 

voltage window from 3.0 to 4.2 V but also a smaller capacity fading after the 100 cycles with 

a cutoff voltage of 4.5 V at 0.2C rate. It is believed that this composition/processing-

performance correlation study here will be beneficial to the future design and processing of 

advanced composite polymer electrolyte systems. 
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CHAPTER 6: INVESTIGATION OF THE DENSIFICATION, LI-ION CONDUCTIVITY 

AND BATTERY PERFORMANCE OF Bi-DOPED Li7La3Zr2O12 SOLID-STATE 

ELECTROLYTE 

 

To Be Published Work Disclosure: This chapter is adapted from a manuscript in 

preparation. (J. Li, R. Wang, Investigation of the densification, Li-ion conductivity and battery 

performance of Bi-doped Li7La3Zr2O12 solid-state electrolyte). 

6.1. Introduction 

Current commercial-scale lithium-ion batteries for electric vehicles have encountered 

many limitations such as safety concerns due to flammable organic liquid electrolytes and 

lithium dendrite growth/penetration, as well as the bottleneck of insufficient energy density 

[1]. Replacing liquid electrolytes with solid-state electrolytes (SSEs) to enable all-solid-state 

batteries (ASSBs) can break through the above limits and obtain cells with increased energy 

density, longer lifespan, and good reliability [2]. Among various SSEs, cubic phase garnet-

type Li7La3Zr2O12 (LLZO) has received the most attention because of its relatively high 

conductivity (10-4~10-3 S cm-1), wide potential window, and good chemical compatibility 

with high-capacity Li metal anodes (the highest theoretical capacity: 3860 mAh g−1 or 2061 

mAh cm−3 and lowest redox potential: -3.04 V versus standard hydrogen electrode) for the 

next-generation all-solid-state Li metal battery [3]. 

Till now, doping with supervalent cations such as Al3+ [4], Ga3+ [5], Nb5+ [6], and 

Ta5+ [7] are commonly used to stabilize the cubic phase of LLZO at room temperature. Then 

high-temperature sintering over 1100 °C is usually adopted to achieve high-density cubic 

phase LLZO ceramic pellets [8]. However, high-temperature sintering processes not only are 

unfavorable to the practical processing and application of LLZO but also influence the 

composition and ionic conductivity of LLZO due to Li volatilization [9]. Thus, low-
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temperature sintering and shorter dwell time are desirable for the fabrication of cubic phase 

LLZO and its application in SSBs. Recently, it was reported by Xia et al. [10] that the 

stabilization of cubic phase LLZO can also be achieved by partial substitution of Zr4+ with a 

more cost-effective cation, Bi5+ (Li7-xLa3Zr2-xBixO12, Bi substitution of Zr). In particular, 

compared to the well-studied Li7-3xAlxLa3Zr2O12 (Al substitution of Li), 

Li6.25La3Zr1.25Bi0.75O12 (0.75Bi-LLZO) was found to have potential for low-temperature 

sintering (~900 °C) of cubic phase LLZO with acceptable Li+ conductivity (>10-4 S cm-1) at 

room temperature [11, 12]. However, Bi doped LLZO with optimized relative density (> 

90%) and ionic conductivity was only studied by a rapid-induction hot-pressing method and 

has not been achieved by conventional solid-state sintering. 

It is also well acknowledged that the large interfacial impedance resulted from the 

poor solid-solid contact between LLZO SSEs and electrodes (i.e., Li metal anode and 

cathode) is still a major bottleneck hindering the practical use of LLZO-based SSBs. Among 

various strategies aiming to solve this issue, constructing a soft material interface such as Li+ 

conductive polymer interlayer is an easy and effective strategy to improve the solid-solid 

LLZO/electrode contact thanks to the flexible and cohesive nature of polymer materials [13-

16]. The polymeric interlayers help to construct a conformal interface and form a more 

uniform Li+ flux across the interface, leading to a much smaller interfacial impedance and 

effective suppression of lithium dendrite [17]. Recently, soft plastic crystal electrolyte (PCE) 

has attracted much attention due to its high ambient solid-state ionic conductivity (>10-3 S 

cm-1) [18]. Especially, succinonitrile (SN)‐based PCE has been known for its desirable ionic 

conductivity at room temperature, good thermal stability, and nonflammability, which is 

considered as a safer solid-state electrolyte and a good modification interlayer candidate [19-

22].  



127 

 

To realize all-solid-state batteries (ASSBs), none of liquid electrolytes will be used to 

infiltrate the porous structure of conventional cathode electrodes and provide continuous and 

fast pathways for favorable Li+ transport. Therefore, reconstructing ionic pathways for 

cathode materials in ASSBs is necessary and the strategy of composite cathodes is proposed 

recently. SSE particles are generally selected as one of the components to make the 

composite cathode [23], sometimes followed by sintering at high temperatures to guarantee a 

good physical contact between solid particles in composite cathodes as well as the interfacial 

bonding between composite cathodes and SSE [24-26]. However, only parts of the cathode 

particles would get access to the solid SSE particles, and the high-temperature heat treatment 

typically induces mutual elemental diffusion across the interface, which could lead to a 

reaction layer at the interface affecting Li+ insertion/extraction [25, 27]. Besides, during 

repeated charging/discharging processes, the volume change of most commercial 

intercalation cathodes such as LiCoO2, LiFePO4 and LiNi1-x-yCoxMnyO2 is inevitable [28], 

causing contact loss between SSE and active cathode particles [29], which will further 

increase the interfacial resistance [30, 31]. In comparison, incorporating ductile plastic-

crystal electrolytes to replace the solid SSE particles in the cathode/SSE composites will be a 

good choice, which can contact (or cover) a much larger fraction of the cathode particles and 

effectively accommodate the volume changes during the lithiation/delithiation processes [32]. 

Motivated by the previous research results and above discussion, in this work, several 

processing parameters (i.e., sintering temperature and duration time, ball milling treatment, 

and addition of PVA binder or sintering additive) were firstly tuned to optimize the relative 

density and ionic conductivity of 0.75Bi-LLZO ceramic pellets by conventional solid-state 

sintering. Then the SN-based plastic-crystal interlayer was introduced to overcome the 

interfacial poor-contact and high-resistance issues of 0.75Bi-LLZO SSEs against Li metal 

anode, enabling successful adoption of Li metal anodes in SSBs. Finally, a Li/LiCoO2 ASSB 
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based on 0.75Bi-LLZO ceramic electrolyte was assembled and tested with the help of SN-

based plastic-crystal interlayer and composite cathode electrode incorporated with Li+ 

conductive plastic-crystal electrolyte material. 

6.2. Experimental methods 

6.2.1. Preparation of 0.75Bi-LLZO powders and pellets 

0.75Bi-LLZO (nominal composition Li6.25La3Zr1.25Bi0.75O12) powders in this work 

were prepared using a Pechini sol-gel method based on the procedure reported in [33]. 

Stoichiometric amounts of LiNO3 anhydrous (99%, Alfa Aesar), La(NO3)3·6H2O (99.9%, 

Alfa Aesar), ZrO(NO3)2·xH2O (99.9%, Alfa Aesar), Al(NO3)3·9H2O (99+%, Acros 

Organics), and Bi(NO3)3·5H2O (98%, Alfa Aesar) were first dissolved in deionized water to 

prepare nitrate precursor solutions. Excess Li (10 wt.%) was added to compensate for the 

expected Li loss during post heat-treatments. Citric acid (99.5%, Aldrich) and ethylene glycol 

(Fisher Chemical), in a molar ratio of 60:40, were added to the nitrate precursor solution as 

complexing agents. The overall molar ratio of metallic ions to organic was 38:62, which was 

used to achieve a desired foaming behavior. The mixture was homogenized by magnetic 

stirring and then heated at around 120 °C in a fume hood until a solidified white foam 

formed. The foam was crushed, and then calcined at 700 °C for 6 h (ramp rate: 5 °C min-1) in 

air in an alumina crucible to react the precursors. Then part of the as-calcined powders was 

ball-milled in isopropyl alcohol at 500 rpm for 10 h using PQ-N04 planetary ball mill (Across 

International, Inc.), followed by drying at 80 °C. 

The processing parameters for sintering (densification) of different samples (samples 

1~8) of 0.75Bi-LLZO pellets were shown in Table 6.1. For samples 7 and 8, 10 wt.% LiOH 

or 2 wt.% LiF was added during the ball-milling treatment for the as-calcined powders. For 

samples 4~8, 2 wt.% PVA binder was added during the green body preparation. For all the 

samples, the powders were pressed into 10 mm diameter pellets using a uniaxial press with 
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10 MPa for 3 min. Then the green pellets were sintered with different sintering parameters 

(ramp rate, sintering temperature, and duration time) listed in Table 6.1. During the sintering, 

the pressed green pellets were placed on MgO plates and buried in the as-calcined 0.75Bi-

LLZO powders to offset lithium loss at elevated temperature. The prepared pellets were 

polished using 600 grit sandpapers until smooth and parallel surfaces were obtained for 

density measurement. The geometrical dimensions and corresponding weight were measured 

to calculate the density of sintered samples. The theoretical density for 0.75Bi-LLZO was 

estimated to be ~5.54 g cm−3 by using data in [11] and the relative density was defined from 

the ratio of the calculated density to the theoretical density. 

6.2.2. Preparation of plastic-crystal electrolytes 

PCEs were prepared by dissolving 5 mol% lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, TCI America, ≥98.0%) in succinonitrile (SN, 

Sigma-Aldrich, 99%) at 60 °C and then cooled down to room temperature. To get a plastic-

crystal interlayer, a piece of glass fiber (Whatman) was used as a host and emerged into PCE 

at 60 °C, and then cooled down to room temperature. The plastic-crystal interlayer has a 

thickness of ~160 μm and its ionic conductivity was measured with stainless steel as a current 

collector. 

6.2.3. Material characterization 

X-ray diffraction (XRD, Philips X’Pert MPD or Bruker D8 Discover) analysis with 

Cu Kα source (λ=0.154 nm) or Co Kα source (λ=0.179 nm) was used to study the phase 

compositions of 0.75Bi-LLZO powders and sintered pellets. The microstructure and 

elemental composition of fracture surfaces of 0.75Bi-LLZO pellets and the surfaces of 

cathode electrodes were characterized by a field emission scanning electron microscope 

(SEM; Thermo Scientific Apreo FE-SEM) coupled with an energy dispersive X-ray 

spectrometer (EDS).  



130 

 

6.2.4. Electrochemical measurements and batteries assembly 

For ionic conductivity measurement, the prepared pellets were further polished using 

sandpapers (800, 1000, and 1200 grit sizes) to obtain a reflective mirror-like surface and Au 

blocking electrodes were then prepared by sputter-coating onto both sides of the pellet. 

Electrochemical impedance spectroscopy (EIS) was performed at 20 °C from 2 MHz to 100 

Hz with an AC amplitude of 10 mV on a Gamry Interface 1010E electrochemical 

workstation. Fitting of electrochemical impedance spectra was performed using Echem 

Analyst software from Gamry. The ionic conductivity, σ (S cm-1), was determined from the 

resistance values (R), the pellet thickness (t), and the pellet cross-sectional area (A) by the 

following equation: 

𝜎 =
𝑡

𝐴 ∙ 𝑅
                                                                                                                  (6.1) 

To prepare conventional cathode electrodes, homogenized cathode slurry with a 

75:15:10 mass ratio of active material (LiCoO2): carbon black: poly(vinylidene fluoride) 

(PVDF) dissolved in 1-methyl-2-pyrrolidinone (NMP) was cast onto aluminum foils. After 

heating at 80 °C overnight and then drying in vacuum at 120 °C for 12 h, the prepared 

electrodes were then cut into disks with a diameter of 7 mm and subsequently transferred into 

an argon-filled glovebox (O2 and H2O content < 0.1 ppm). To prepare composite cathode 

electrodes, the procedures were the same except that the composition of cathode slurry was a 

60:12:10:18 mass ratio of active material (LiCoO2): carbon black: PVDF: PCE. All batteries 

were assembled using Swagelok-type cells (AME Energy) with an internal diameter of 10 

mm in an argon-filled glovebox. For the symmetric Li/0.75Bi-LLZO/Li cells, the 0.75Bi-

LLZO pellet was sandwiched between two Li metal electrodes with and without plastic-

crystal interlayers attached on both sides of the pellets. For the Li/0.75Bi-LLZO/LiCoO2 

cells, the 0.75Bi-LLZO pellet was sandwiched between a Li metal electrode and a 

conventional cathode electrode or a composite cathode electrode with plastic-crystal 
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interlayers. The EIS of the above symmetric cells and Li/0.75Bi-LLZO/LiCoO2 cells were 

tested with a frequency range from 1 MHz to 0.01 Hz with an AC amplitude of 10 mV on the 

Gamry Interface 1010E electrochemical workstation. Cyclic voltammetry (CV) tests were 

conducted over a voltage window from 3.0 to 4.2 V at a scan rate of 0.1 mV s-1 using the 

same electrochemical workstation. Galvanostatic charge-discharge measurements of the 

above symmetric cells and Li/0.75Bi-LLZO/LiCoO2 cells were carried out on a battery 

testing system (Neware 8 Channel Battery Analyzer). All electrochemical tests were 

conducted at 20 °C. 

6.3. Results and discussion 

6.3.1. Crystalline phase, microstructure, and densification 

Figure 6.1a shows the XRD patterns of the as-calcined 0.75Bi-LLZO powders and 

the 0.75Bi-LLZO powders after ball milling treatment. It is clear that the stabilization of the 

Ia-3d cubic phase was achieved by partial substitution of Zr4+ with Bi5+ [11] since all the 

major diffraction peaks of these two XRD patterns are consistent with the cubic phase 

Li7La3Zr2O12 (PDF-04-019-8837). For the as-calcined 0.75Bi-LLZO powders, apart from the 

cubic phase LLZO, there were also a small amount of impurity phases, which can be indexed 

as Bi2O3 and La2O3. After the ball milling treatment at 500 rpm for 10 h, no impurity phases, 

including Bi2O3 and La2O3, can be observed. 
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Figure 6.1. XRD patterns of (a) the as-calcined 0.75Bi-LLZO powders and the 0.75Bi-LLZO 

powders after ball milling treatment; (b and c) the samples 1~8 sintered with different 

parameters listed in Table 6.1. 

 

Table 6.1. Processing parameters for the preparation of different samples and the 

corresponding relative densities and total ionic conductivities. 

Sample 

No. 

Ball milling 

treatment 

PVA 

binder 

Sintering 

additive 
Sintering process 

Relative 

density/% 

σtotal (×
𝟏𝟎−𝟒 

S/cm) 

1 - - - 5 °C/min_900 °C_10h 77.2±3.8 0.04 

2 - - - 5 °C/min_900 °C_15h 81.5±4.9 0.09 

3 - - - 5 °C/min_1050 °C_10h Fragile - 

4 - 2 wt.% - 
1 °C/min_600 °C_1h 

+ 5 °C/min_900 °C_15h 
82.5±8.7 0.21 

5 500 rpm_10h 2 wt.% - 
1 °C/min_600 °C_1h 

+ 5 °C/min_900 °C_15h 
90.5±1.7 1.32±0.34 

6 500 rpm_10h 2 wt.% - 
1 °C/min_600 °C_1h 

+ 5 °C/min_900 °C_20h 
92.8±1.4 0.56±0.06 

7 500 rpm_10h 2 wt.% 
10 wt.% 

LiOH 

1 °C/min_600 °C_1h 

+ 5 °C/min_900 °C_15h 
~80 0.17 

8 500 rpm_10h 2 wt.% 2 wt.% LiF 
1 °C/min_600 °C_1h 

+ 5 °C/min_900 °C_15h 
92.2±0.5 0.63±0.16 
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It is well-known that a cubic “high-temperature” phase (space group Ia-3d) is vital for 

LLZO to achieve a high ionic conductivity (10-4 ~ 10-3 S cm-1 at room temperature) in 

comparison to the tetragonal phase (space group I41/acd) [3]. Along with crystal structure, the 

relative density also plays an important role, since the LLZO ceramic with a higher relative 

density is beneficial for higher total ionic conductivity with decreased grain‐boundary 

resistance as well as enhanced mechanical properties like fracture strength [34, 35]. So 

several processing parameters (i.e. sintering temperature and duration time, ball milling 

treatment, and the addition of PVA binder or sintering additive) were tuned here to optimize 

the relative density of 0.75Bi-LLZO ceramic pellets by conventional solid-state sintering 

(Table 6.1). The average relative densities for different samples are compared in Figure 6.2a. 

 

Figure 6.2. Comparison of (a) the relative density and (b) total ionic conductivity of samples 

1~8. 

Firstly, the effect of the sintering duration time and temperature were investigated by 

comparing samples 1~3. It is shown that the average relative density increased from 77.2% 

(sample 1) to 81.5% (sample 2) with longer sintering duration time at 900 °C (from 10 h to 

15 h). However, after increasing the sintering temperature to 1050 °C with the same sintering 

duration time (10 h) for sample 3, the obtained pellets were fragile and readily damaged after 

polishing for the dimension measurement. Secondly, the effect of the PVA binder addition 

during the green body preparation was investigated by comparing samples 4 and 2. Before 
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sintering, it was observed that the addition of the PVA binder increased the strength of the 

green pellets and was helpful to consistently obtain a high-quality green body during the 

demolding process, which is important for the followed sintering. After sintering, it was 

shown that the average relative density only increased a little from 81.5% (sample 2) to 

82.5% (sample 4) with the 2 wt.% PVA binder addition. However, it should also be noted 

that the standard deviation of the relative density for sample 4 is large, which means for part 

of the sintered pellets of sample 4, the PVA binder to some extent can improve the relative 

density. Thirdly, the effect of the ball-milling treatment of as-calcined powders before 

sintering was investigated by comparing samples 5 and 4. It is obvious that the average 

relative density increased significantly from 82.5% (sample 4) to 90.5% (sample 5) with a 

smaller standard deviation. The possible roles of ball milling treatment are as follows: 1) to 

decrease the particle size and particle agglomeration to achieve better density of green body; 

2) to decrease porosity and increase the strength of green body [36, 37]; 3) to decrease the 

particle size and increase the particle surface area and sintering activity of particles [38]. All 

of these could improve the sintering density. After extending the sintering duration time to 20 

h (sample 6), the average relative density increased 2.3% compared to that of sample 5. 

To further improve the relative density of sintered pellets, apart from the hot-press 

sintering technique which needs dedicated furnaces [35], the liquid-phase sintering technique 

is another way to improve the density of sintered electrolytes, since the liquid phases formed 

in between the grains could expel the residual pores [34]. Generally, there are two kinds of 

sintering additives to provide the liquid phase sintering behavior for LLZO pellets sintering 

[8]: 1) form glassy phases at grain boundaries, such as Li2O [34], Li3PO4 [39], Li3BO3 [40], 

etc. and 2) incorporated into the LLZO grains after sintering, such as lithium compounds with 

low melting points (< 850 °C) like LiF, Li2CO3, and LiOH. Thus, the effect of the addition of 

sintering additives (LiOH and LiF) was investigated through samples 7 and 8. The new 
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theoretical density is calculated by the formula 1/ρtheo=(1−x)/ρLLZO+x/ρadd, where ρLLZO and 

ρadd are the theoretical densities of 0.75Bi doped-LLZO and sintering additives (LiOH: 1.46 g 

cm-3; LiF: 2.64 g cm-3), respectively, x is the weight ratio of the sintering additive. According 

to the results in [8, 41], the 10 wt.% LiOH additive can improve the relative density, 

however, in our case, the average relative density deceased from 90.5% to ~80%, which was 

due to large residual voids inside the sintered pellet after the excess LiOH evaporated during 

long-term sintering, which was confirmed in the following SEM study. For the 2 wt.% LiF 

additive, in our case, the average relative density only increased 1.7% compared to that of 

sample 5. The sintering additives (LiOH and LiF) seemed cannot improve the relative density 

significantly. Based on the above results, after tailoring the parameters, the relative density of 

0.75Bi-LLZO ceramic pellets can be optimized to be > 90%. 

Then the phase composition of the abovementioned samples was examined. Figure 

6.1b and c show the XRD patterns of these samples. The major phase of all eight ceramic 

samples can be assigned as cubic phase LLZO according to the standard pattern (PDF-04-

019-8837) of garnet-type structure. Apart from the main phase of cubic phase LLZO, nearly 

all eight samples display an impurity phase of BiLa2O4.5, except for sample 7. The formation 

of the impurity phase of BiLa2O4.5 might be induced by the impurities of Bi2O3 and La2O3 in 

the as-calcined 0.75Bi-LLZO powders (Figure 6.1a) since the BiLa2O4.5 is usually prepared 

by a solid-state reaction method using Bi2O3 and La2O3 as starting materials [42]. 

Considering the low melting point of Bi2O3 (~820 °C) and the Bi2O3-La2O3 equilibrium 

phase diagram [43], a pseudo-liquid phase based on the Bi2O3-La2O3 system can form below 

900 °C, which can enhance the atomic-level diffusion and crystallization kinetics, resulting in 

a dramatic decrease in densification/sintering temperature [12, 44, 45]. On the other hand, the 

impurity phase of BiLa2O4.5 was also detected in the synthesized Li-stuffed garnet-like 

Li6SrLa2Bi2O12 [46], which was reported to be the reason for the large grain-boundary 
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resistance. Although it is hard to quantify the amount of this impurity phase in different 

samples due to the quality of the obtained XRD results here, the existence of the Bi-

containing impurity indicates that the actual doping content of Bi (substituting Zr) in the 

grains should be lower than 0.75 molar. For sample 3, other impurities of La2Zr2O7, Bi2O3, 

and Li2CO3 were also detected, which might be caused by the loss of lithium and LLZO 

decomposition during sintering (1050 °C), and the easy reaction of LLZO with moisture from 

air [11, 44]. 

Figure 6.3 shows the secondary electron SEM images of the fracture surfaces of 

samples 1~8, which are consistent with the results in terms of the relative density shown 

above. Figure 6.3a, b, and d confirm that samples 1, 2, and 4 prepared with the as-calcined 

powders have high porosity and not well-connected grains with round surfaces. This indicates 

the sintering temperature for these samples was too low and the grain were not well 

crystallized (irregularly shaped grains). The large amount of voids or porosity explains the 

corresponding low densities of these samples. As shown in Figure 6.3c, sample 3 displays 

more developed grains with an average size of around 9 μm but still possesses an incompact 

structure, which is consistent with the fragile property of this sample. In contrast, as for 

samples 5, 6, and 8 prepared with the powders after ball milling treatment, all pellets show 

evident sintering and grain coarsening, forming a very dense microstructure with clear and 

visible grain sizes compared to other samples (Figure 6.3e, f, and h). The average grain size 

for samples 5, 6, and 8 is ∼1.6-1.8 μm. However, spheroidal voids within grains and 

intergranular voids are still observable, indicating that the sintering parameters are needed to 

be further optimized. Sample 7 sintered with 10 wt.% LiOH shows a regular distribution of 

the grains (average grain size ∼1.8 μm) but with open porosity (Figure 6.3g), which is 

resulted from the excess LiOH evaporated during long-term sintering [41]. 
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Figure 6.3. (a-h) Secondary electron SEM images of the fracture surfaces of samples 1~8 

with various processing parameters, respectively. 

EDS mapping of the fracture surface of sample 5 is shown in Figure 6.4. It is found 

that the distribution of the Bi dopant is uniform, apart from some Bi-rich impurity phase 

particles are homogenously present across the cross-section of the ceramic. When point EDS 

was conducted on the impurity phase at higher magnification (Figure 6.5a), an 

approximately 2:1 atomic ratio of La to Bi (Figure 6.5c) confirms the presence of BiLa2O4.5, 

which is consistent with the BiLa2O4.5 stoichiometry and the XRD result (Figure 6.1 b and 

c). Similar results were also found in other samples. 
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Figure 6.4. EDS mapping of the fracture surface of sample 5. 
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Figure 6.5. (a) SEM image and EDS mapping of the impurity phase in fracture surface of 

sample 5; (b and c) EDS spectra and chemical composition analysis of the area circled in (a). 

Figure 6.6 shows the backscattered electron cross-section SEM images of each 

fractured sample with various processing parameters. For samples 5, 6, and 8 with a dense 

microstructure, it is clear that there is also an impurity phase with a higher average atomic 

number (Z) located at the grain boundaries (Figure 6.6e, f, and h). Based on the brighter 

contrast, we assume that the impurity phase is BiLa2O4.5 because its average Z is higher than 

LLZO. However, the impurity phase is well distributed at the grain boundaries for sample 5 

(Figure 6.6e) in comparison with the agglomerated particles for samples 6 and 8 (Figure 6.6f 

and h). 
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Figure 6.6. (a-h) Backscatter electron SEM images of the fracture surfaces of samples 1~8 

with various processing parameters, respectively. 

6.3.2. Ionic conductivity 

Room-temperature (20 °C) EIS measurement was conducted on all of the above 

samples for ionic conductivity study. Ionic conductivity is generally considered to be strongly 

dependent on the relative density of the sample. Higher porosity generally causes poor ionic 

conductivity as well as mechanical failure (i.e., brittleness etc.). Considering the low average 

relative density (< 85%) of samples 1, 2, 4, and 7 with high porosity, only the pellet with a 

relative density similar to the corresponding average relative density of different samples was 

studied and the Nyquist plots are shown in Figure 6.7. For samples 5, 6, and 8, all the 

sintered pellets for each sample were studied to calculate the average total (bulk + grain 

boundary) ionic conductivities, and the characteristic Nyquist plot of each sample is shown in 

Figure 6.7. 
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Figure 6.7. (a-c) EIS curves of samples 1~8, where (b) is the enlarged view of the blue 

square in (a) and (c) is the enlarged view of the green square in (b); (d) the fitting equivalent 

circuit. 

As shown in Figure 6.7, the spectra generally consist of a semicircle at high 

frequency (attributed to bulk resistance of the grains) and a depressed semicircle at 

intermediate frequencies (attributed to grain boundary resistance) overlapping with a 

capacitive tale at low frequencies [8, 35, 41]. The tail can in principle be attributed to the 

interface impedance involving the Li+ blocking electrodes [8]. The impedance data was fitted 

with an equivalent circuit consisting of three parallel combinations of a resistor (R) and a 

constant phase element (CPE), (RbQb)(RgbQgb)(RelQel), to extract parameters for each 

contribution (Figure 6.7d). The subscripts b, gb, and el, represent grain (bulk), grain 

boundary, and electrodes, respectively. Here the semicircle usually appears to be a depressed 

arc, therefore an ideal capacitor (C) is replaced with a CPE to account for any nonideal 
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behavior and dispersion in the time constant. In this case, C can be calculated from the 

following equation [47, 48]: 

𝐶 = 𝑅(1−𝛼) 𝛼⁄ 𝑌𝑜
1 𝛼⁄                                                                                                   (6.2) 

where R is the resistance, Yo is the constant phase element, and the exponent α 

(0<α≤1) represents the ideality of the CPE (α=1 indicates an ideal capacitor). The 

capacitance values should be on the order of ~10-12 F for the bulk and ~10-8-10-11 F for the 

grain boundaries [49-51]. 

Based on the extracted bulk and grain boundary resistances, total ionic conductivities 

of different samples are shown and compared in Figure 6.2b and Table 6.1. For sample 3, 

the obtained pellets were fragile and hence the ionic conductivity was not measured. Because 

of the low relative density, high porosity, and poor grain boundary adhesion of samples 1, 2, 

4, and 7, the total ionic conductivities of these samples were only ~0.04, ~0.09, ~0.21, and 

~0.17 × 10−4 S cm-1, respectively. Although the ionic conductivities are low, they follow an 

increasing trend of the relative densities of these samples. In contrast, for samples 5, 6, and 8 

with high average relative densities, the average total ionic conductivities of these samples 

were ~1.32, ~0.56, and ~0.63 × 10−4 S cm-1, respectively. Although the average relative 

densities of samples 6 and 8 slightly increased compared to that of sample 5, the average total 

conductivity of these two samples was only half that of sample 5 and even worse for sample 

6. Table 6.2 shows the EIS data of the characteristic 0.75Bi-LLZO pellet for samples 5, 6, 

and 8. It is obvious that the decreased total conductivity of samples 6 and 8 is mainly due to 

the decreased bulk conductivity. Besides, based on the Rgb/Rtotal values (Table 6.2), much 

larger grain boundary resistance of sample 6 compared to sample 5 is another reason. On the 

other hand, for sample 8, although the use of 2 wt.% LiF sintering additive slightly decreased 

the grain boundary resistance compared to sample 5 due to lithium enrichment in the grain 

boundary [8], the bulk conductivity decreased significantly. Since the average relative density 
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and grain size of these three samples were nearly the same, the difference in the ionic 

conductivities might be attributed to differences in the distribution of the Bi-rich impurity 

phase, which might alter the transport of Li+ across grain boundaries and inside grains. In this 

case, further study is needed to control the formation and distribution of the Bi-rich impurity 

phase for the improvement of the density and ionic conductivity of 0.75Bi-LLZO ceramics. 

Table 6.2. Electrochemical impedance spectroscopy data of the characteristic 0.75Bi-LLZO 

pellet for samples 5, 6, and 8. 

Sample No. σbulk (× 𝟏𝟎−𝟒 S/cm)a σtotal (× 𝟏𝟎−𝟒 S/cm)b Rgb/Rtotal
c 

5 2.55 1.28 0.49 

6 1.24 0.50 0.60 

8 1.10 0.58 0.46 

a Bulk conductivity. 

b Total (bulk + grain boundary) conductivity. 

c Rgb, grain-boundary resistance; Rtotal, total (bulk + grain boundary) resistance. 

Here a cubic phase 0.75Bi-LLZO ceramic pellet with a high relative density (>90%) 

and the highest conductivity (~1.32× 10−4 S cm-1) was achieved at a low sintering 

temperature of 900 °C and a short sintering time (15 h) without sintering additives. Although 

this conductivity did not match the best performances reported for LLZO electrolytes sintered 

at high temperatures (>1100 °C), it is still better in comparison with Li7La3Zr1Nb1O12 

sintered with 4 wt.% of LiO2‐B2O3‐SiO2‐CaO‐Al2O3 (8× 10−5 S cm-1, at 900 °C for 10 h) 

[8], Li7La3Zr1Nb1O12 sintered with 6.5 wt.% of Li3BO3 (7× 10−5 S cm-1, at 900 °C for 10 h) 

[52], 0.3Al-LLZO sintered with 0.68 molar of Li3BO3 (1.9× 10−5 S cm-1, at 900 °C for 10 h) 

[53], and 0.3Al-LLZO sintered with 0.68 molar of Li3BO3 (1× 10−4 S cm-1, at 900 °C for 36 

h) [40]. Since sample 3 showed the best ionic conductivity, the pellets of sample 3 were 

selected for the following electrochemical studies. 

6.3.3. Li/0.75Bi-LLZO interface with plastic-crystal interlayer modification 

As shown in Figure 6.8a, 5 mol% LiTFSI-SN electrolyte is a transparent liquid 

solution at 60 °C and gradually solidifies into plastic-crystalline and finally solid crystal at 
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room temperature. In this project, a piece of glass fiber membrane was used as a host to 

obtain a free‐standing plastic-crystal interlayer. From the EIS data in Figure 6.8b, the ionic 

conductivity of the plastic-crystal interlayer is ~1.4 × 10−3 S cm-1 at room temperature 

(20 °C). The Li/0.75Bi-LLZO interface was modified by simply attaching this free‐standing 

plastic-crystal interlayer between the 0.75Bi-LLZO ceramic pellet and Li metal.  

 

Figure 6.8. (a) Photographs of plastic-crystal electrolyte (5 mol% LiTFSI in SN) at room 

temperature (left) and 60 °C (right); (b) EIS spectrum of the plastic-crystal interlayer at room 

temperature. 

 

Figure 6.9. (a) Schematic of the symmetric Li/0.75Bi-LLZO/Li cells with and without 

plastic-crystal interlayer; (b) EIS spectra and (c) comparison of the interfacial resistance of 

the symmetric Li/0.75Bi-LLZO/Li cells with and without plastic-crystal interlayer; (d and e) 

the Li plating/stripping voltage profiles for the symmetric Li/0.75Bi-LLZO/Li cells (e) with 

and (d) without the plastic-crystal interlayer at different current densities; (f) the voltage 
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profile indicated in (d); (g and h) the voltage profiles at different cycling stages indicated in 

(e). 

To quantify the effect of the plastic-crystal interlayer modification for improving the 

Li/0.75Bi-LLZO interface performance, the symmetric Li/0.75Bi-LLZO/Li cells with and 

without plastic-crystal interlayer were assembled and investigated to evaluate the interfacial 

resistance by EIS measurement at 20 °C. Figure 6.9b demonstrates a remarkably decreased 

interfacial impedance by introducing the plastic-crystal interlayer. The Nyquist plots of both 

cells exhibit a complete semicircle in the high-frequency region. The right intercept of the red 

semicircle with the real axis allows us to estimate the overall internal resistance of the 

symmetric cell with plastic-crystal interlayers to be ~2375 Ω. With an average conductivity of 

1.32 × 10−4 S cm-1 from the above results for sample 5, we estimated that the total resistance 

of the 500 μm thick pellets with a similar cross-sectional area (~0.53 cm2) was ~718 Ω. Based 

on the references [54, 55], by subtracting this total resistance of the 0.75Bi-LLZO electrolyte 

from the above overall internal resistance of the symmetric cell and dividing by two, the area-

specific resistance (ASR) of the Li/0.75Bi-LLZO interface was calculated to be ~439 Ω cm2. 

With a similar calculation, the interfacial resistance of the cell without the interlayer (~8668 Ω 

cm2) is estimated as nearly 20 times larger than the one with the modification interlayer (Figure 

6.9c). 

The Li plating/stripping voltage profiles for the symmetric Li/0.75Bi-LLZO/Li cells 

with and without the plastic-crystal interlayer are compared in Figure 6.9d and e. The cell 

with plastic-crystal interlayer was tested at 0.05 mA cm−2 (0.05 mAh cm−2 per cycle) for 24 h, 

0.1 mA cm−2 (0.1 mAh cm−2 per cycle) for 150 h and 0.2 mA cm−2 (0.2 mAh cm−2 per cycle) 

for 120 h, whereas the one without plastic-crystal interlayer was tested at 0.1 mA cm−2 (0.05 

mAh cm−2 per cycle) for ~ 80 h due to much larger overpotential. As shown in Figure 6.9e, 

Li/0.75Bi-LLZO/Li with plastic-crystal interlayers exhibit a stable and reversible Li 

plating/stripping behavior at three current densities. In contrast, the performance of the cell 
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without plastic-crystal interlayer was not satisfactory. The voltage profile of the cell without 

plastic-crystal interlayers suffered random oscillations and fluctuations (Figure 6.9d and f). It 

is also worth noticing that the overpotential is significantly larger (> 2 V at 0.1 mA cm-2 after 

70 h) when compared to Li/0.75Bi-LLZO/Li with plastic-crystal interlayer (~ 0.1 V at 0.1 mA 

cm-2) (Figure 6.9g). The fluctuations in the voltage profile and the large overpotential are 

mainly caused by poor contact at the interface [16]. Such unstable Li plating/stripping behavior 

could also aggravate the Li/0.75Bi-LLZO contact and lead to Li dendrites nucleation and 

growth at the interface [56, 57]. However, the Li/0.75Bi-LLZO/Li cell with plastic-crystal 

interlayer do not display such irregular voltage profiles even at the higher current density of 

0.2 mA cm-2 for the long-term cycling of 120 h (Figure 6.9e and h), proving that the plastic-

crystal interlayer is highly effective in increasing the effective interfacial contact area, 

homogenizing the Li+ flux through the interface and suppressing the Li dendrite growth [55, 

58, 59]. 

6.3.4. Li/LiCoO2 batteries based on 0.75Bi-LLZO ceramics with a composite cathode 

electrode 

In conventional lithium-ion batteries with liquid electrolytes, the cathode particles can 

have easy access to the mobile Li+ from the liquid electrolyte which fills the porous structure 

in cathode. Aiming for ASSBs, the use of SSEs and conventional porous cathode electrodes 

will lead to the problem of impeded Li+ transport inside the cells. Although the added plastic-

crystal interlayer could improve the solid-solid contacts between 0.75Bi-LLZO and both 

electrodes, without the liquid electrolyte, this interlayer at the cathode side can only “wet” the 

surface, which provides limited Li+ transfer pathways to the cathode particles at the surface 

(Figure 6.13a). So here, apart from the plastic-crystal interlayer, we propose to incorporate a 

flexible Li+ conductive plastic-crystal material into the cathode electrode to keep intimate 
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contact with the cathode particles during cycling, which can provide continuous pathways for 

Li+ transport through the cathode, as illustrated in Figure 6.15a. 

 

Figure 6.10. SEM images of surfaces of (a and b) the conventional cathode electrode and (c 

and d) the composite cathode electrode. 

The SEM images in Figure 6.10 show the morphology of the conventional cathode 

electrode and the composite cathode electrode with addition of Li+ conductive plastic-crystal 

material. From Figure 6.10a and b, the bright contrast LiCoO2 cathode particles are 

distributed in the carbon black/PVDF matrix for the conventional cathode electrode, and the 

electrode exhibits a loose and incompact structure with a rough surface and high porosity. As 

marked by the yellow arrows, porous structures are obvious, which are resulted from the 

solvent evaporation during the conventional electrode fabrication and believed to be 

unfavorable for the SSBs, because of the disconnected Li+ transport pathways. In contrast, as 

shown in Figure 6.10c and d, the composite cathode electrode with the Li+ conductive 

plastic-crystal material presents a relatively smooth surface with no obvious porous 

structures. As shown in Figure 6.11, the EDS elemental mapping of the surface of the 
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composite cathode electrode also reveals a uniform distribution of nitrogen from SN (Figure 

6.11b). Both of these results indicate the formation of continuous LiCoO2 plus Li+ conductive 

plastic-crystal pathways for Li+ transport. 

 

Figure 6.11. EDS elemental mapping of the surface of the composite cathode electrode. 

Using the above conventional cathode electrode or novel composite cathode 

electrode, two different Li/0.75Bi-LLZO/LiCoO2 ASSBs with the plastic-crystal interlayer 

modification were constructed and tested. EIS test was firstly carried out to evaluate the 

internal resistances of these two ASSBs to understand the effect of incorporation of the Li+ 

conductive plastic-crystal material into the cathode electrode (Figure 6.12a). The large 

semicircle in the middle frequency region of the impedance plot could be attributed to the 

overall interfacial resistance from both cathode and anode sides [60]. As two ASSBs employ 

the same 0.75Bi-LLZO SSE with the plastic-crystal interlayer modification and lithium metal 

anode, the variations in resistance should arise from the cathode electrodes with different 
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configurations. The ASSB with the conventional cathode electrode exhibits a large interfacial 

resistance of ~8000 Ω, due to the poor contact between the cathode particles. However, after 

the incorporation of Li+ conductive plastic-crystal material into the cathode electrode, the 

interfacial resistance was reduced significantly by four times to ~1700 Ω. Thus, it is 

demonstrated that the plastic-crystal interlayer coupled with composite cathode electrode 

enabled more intimate contact between the SSEs and the cathodes. This combination 

provided continuous Li+ transport pathways not only across the SSE/electrode interfaces but 

also inside the cathode electrodes. 

 

Figure 6.12. The initial (a) EIS spectra and (b) CV curves of Li/0.75Bi-LLZO/LiCoO2 

ASSBs with a conventional cathode electrode or a composite cathode electrode. 

The CV curves of two different ASSBs collected at 20 °C are shown in Figure 6.12b. 

The redox peak represents the Li+ deintercalation/intercalation behavior in the cathode during 

the charge/discharge process in the battery [61]. For the ASSB with the conventional cathode 

electrode, the peak current is low, which is attributed to the impeded Li+ 

deintercalation/intercalation process resulted from the disconnected Li+ transport pathways. 

However, the ASSB with the composite cathode electrode exhibits a more obvious oxidation 

peak at ~4.0 V vs. Li/Li+ and reduction peak at ~3.65 V vs. Li/Li+ with a higher current 

response compared to the conventional cathode electrode, which reveals an enhanced Li+ 

extraction/insertion for the LiCoO2 cathode upon charge/discharge process. This is mainly 
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benefited from that the incorporation of the Li+ conductive plastic-crystal material improves 

the Li+ transport inside the cathodes. It also needs to be mentioned that the shifted and 

broadened asymmetrical CV peaks of LiCoO2 cathode here are owing to the larger 

polarization caused by the higher impedance of the ASSB compared to the liquid battery 

[60]. 

 

Figure 6.13. (a) Schematic of the Li/0.75Bi-LLZO/LiCoO2 ASSB with a conventional 

cathode electrode and (b) corresponding voltage profiles during the first 3 cycles at 0.05C. 

 

Figure 6.14. Comparison of the initial charge-discharge curves of the Li/0.75Bi-

LLZO/LiCoO2 ASSBs with (a) a conventional cathode electrode and (b) a composite cathode 

electrode at 0.05C. 
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The electrochemical properties of two different types of Li/0.75Bi-LLZO/LiCoO2 

ASSBs were also compared as follows. The charge/discharge studies were performed 

between 3 and 4.05 V vs. Li/Li+ at a rate of 0.05C (1C=115 mAh g-1) for five cycles and then 

at 0.1C for 40 cycles at 20 °C. For the ASSB with the conventional cathode electrode (Figure 

6.13b and 6.14a), the battery delivered an initial discharge capacity of ~77 mAh g-1 at 0.05C 

but with an unstable voltage variation during the charge/discharge process. During the 

following two cycles, there still existed an unstable charge/discharge process. This 

phenomenon is believed to be caused by the disconnected Li+ transport pathways inside the 

conventional cathode electrode confirmed by the EIS and CV studies (Figure 6.12). Because 

of the voltage instability during the charge/discharge process, the measurement was stopped 

after three cycles. For the ASSB with the composite cathode electrode (Figure 6.14b and 

6.15b), it delivered an initial discharge capacity of ~126 mAh g-1 at 0.05C and with good 

voltage stability benefited from the continuous Li+ transport pathways not only across the 

SSE/electrode interfaces but also inside the cathode electrodes. This is also evidenced by the 

stable charge/discharge processes in the following cycling and the above CV and EIS results 

(Figure 6.12). Figure 6.15c displays the galvanostatic charge-discharge curves of the ASSB 

with the composite cathode electrode cycled at 0.1C and 20 °C after the first five cycles at 

0.05C. The battery delivered a specific discharge capacity of ~95 mAh g-1 for the first cycle, 

which corresponds to ~83% of the theoretical capacity of LiCoO2 and the coulombic 

efficiency is ~99%. Further, the cycling performance of the battery is shown in Figure 6.15d. 

During the cycling test, the discharge capacity gradually increased and reached ~115 mAh g-1 

after 20 cycles, and maintained this capacity to the end of 40 cycles with a coulombic 

efficiency of ~99%. The much improved electrochemical performance of the ASSB with the 

composite cathode demonstrates the effectiveness of incorporating Li+ conductive plastic-

crystal material into the cathode electrode to form continuous Li+ transport pathways inside 
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the cathode as well as accommodating volume change of LiCoO2 active particles during the 

repeated charge/discharge processes. After 40 cycles, the total resistance increased a little 

from ~1700 Ω to ~2020 Ω, indicating the relative stability of the continuous Li+ transport 

pathways inside the cathode (Figure 6.15e). 

 

Figure 6.15. (a) Schematic of Li/0.75Bi-LLZO/LiCoO2 ASSB with a composite cathode 

electrode, and corresponding (b) voltage profiles during the first 5 cycles at 0.05C, (c) 

charge-discharge curves at 0.1C, (d) cycling performance at 0.1C, (e) EIS spectra before and 

after charge-discharge cycling. 

6.4. Conclusion 

In summary, different processing parameters for ceramic pellet sintering (i.e. sintering 

temperature and duration time, ball milling treatment, and the addition of PVA binder or 

sintering additive) were studied in detail for 0.75Bi-LLZO SSE. After tailoring these 

parameters, a cubic phase 0.75Bi-LLZO ceramic pellet with a high relative density (>90%) 

and ionic conductivity (~1.32× 10−4 S cm-1 at 20 °C) was achieved via conventional solid-

state sintering with a low sintering temperature of 900 °C and a short sintering time (15 h). 

To address the interfacial problem between 0.75Bi-LLZO SSE and Li metal, a soft SN-based 

plastic-crystal interlayer was applied to modify the interface. EIS and Li/0.75Bi-LLZO/Li 

symmetric cell cycling measurements demonstrate that the interlayer enables a significant 
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interfacial resistance decrease from ~8668 Ω cm2 to ~439 Ω cm2 and a stable Li 

plating/stripping behavior at 0.2 mA cm-2 for long-term cycling of 120 h. Finally, an ASSB 

based on the 0.75Bi-LLZO pellet modified with the SN-based plastic-crystal interlayer, 

lithium metal anode, and LiCoO2 composite cathode incorporated with Li+ conductive 

plastic-crystal electrolyte (SN+LiTFSI) material was successfully fabricated. Benefitting 

from continuous Li+ transport pathways inside the composite cathode, the ASSB exhibited a 

good cycling performance at 0.1C rate at 20 °C, achieving an initial discharge capacity of ~95 

mAh g-1 and maintaining a discharge capacity of ~115 mAh g-1 after 40 cycles with a 

coulombic efficiency of ~99%. We believe this study can provide some new insights into 

developing LLZO SSE-based all-solid-state lithium metal batteries. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

7.1. Conclusions 

The work presented in this dissertation focused on the investigation of lithium-ion 

batteries based on highly conductive Li7La3Zr2O12 (LLZO) solid-state electrolyte and stable 

electrode-electrolyte interface. Major findings are concluded as follows: 

In Chapter 3, we explored a low-temperature synthesis strategy of cubic garnet-type 

LLZO powders via the combination of sol-gel process and high-energy ball milling induced 

phase transition. In this study, tetragonal LLZO powders were obtained by a sol-gel method 

plus low-temperature thermal treatments (900 °C) and then treated using a conventional high-

energy planetary ball mill. X-ray diffraction measurement revealed that the ball milling 

treatment induced a direct phase transition from tetragonal to cubic LLZO. In a comparative 

study, cubic LLZO can only be obtained from the same tetragonal LLZO powders after high-

temperature calcination above 1180 °C without ball milling treatment.  

In Chapter 4, we demonstrated that a facial B2O3 surface modification of 

LiNi1/3Co1/3Mn1/3O2 cathode material can act as a protection layer to hinder the unfavorable 

side reactions with corrosive liquid electrolyte and enable a stable electrode-electrolyte 

interface for improved electrochemical performances. In this study, a thin layer of amorphous 

B2O3 was successfully coated on the surface of LiNi1/3Co1/3Mn1/3O2 particles by a facial wet-

chemical method using H3BO3 as the modifier precursor. The LiNi1/3Co1/3Mn1/3O2 cathodes 

with B2O3 surface modification achieved 43% improved high-rate (at 5C rate) discharge 

performance and enhanced cycling stability (with the capacities retention about 92% and 86% 

at 1C and 2C rates after 50 and 100 cycles) compared to the pristine LiNi1/3Co1/3Mn1/3O2 

cathodes. Post analyses revealed that the B2O3 surface modification enhanced the 

electrochemical performances of the LiNi1/3Co1/3Mn1/3O2 cathode by not only stabilizing its 

crystal structure and maintaining its fast Li+ diffusion, but also mitigating the detrimental 
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interactions between the cathode surface and the liquid electrolyte. 

In Chapter 5, we studied the effects of distribution and doping element of LLZO 

ceramic fillers on the ambient-temperature electrochemical performance of poly(vinylidene 

fluoride) (PVDF) based composite polymer electrolytes (CPEs). In this study, three PVDF 

based CPEs with 10 wt.% Li6.25Al0.25La3Zr2O12 (Al substitution of Li) or 

Li6.25La3Zr1.25Bi0.75O12 (Bi substitution of Zr) ceramic fillers and different LLZO filler 

distribution conditions prepared by various filler processing routes (10Al-LLZO@MS: 

prepared by mechanical stirring method, 10Al-LLZO@BM: prepared by ball milling method, 

and 10Bi-LLZO@BM: prepared by ball milling method) were comparatively investigated. 

SEM results indicate that the ball mill processed CPEs show much improved uniformity of 

LLZO filler distribution. Among three CPEs, 10Al-LLZO@BM with the best uniformity of 

LLZO filler distribution shows the highest ionic conductivity and Li+ transference number in 

addition to a wide electrochemical stability window up to 4.8 V vs. Li/Li+. Moreover, the 

Li/10Al-LLZO@BM/LiCoO2 cell exhibits not only the best cycling performance at 0.1C rate 

and rate performance over a voltage window from 3.0 to 4.2 V but also a smaller capacity 

fading after 100 cycles with a cutoff voltage of 4.5 V at 0.2C rate. 

In Chapter 6, we systematically investigated the sintering, Li+ conductivity, and all-

solid-state Li metal battery performance of low-temperature synthesized Bi-doped LLZO 

solid-state electrolyte. In this study, firstly, after tailoring a series of processing parameters, 

cubic phase Li6.25La3Zr1.25Bi0.75O12 (0.75Bi-LLZO) ceramic pellets with a high relative 

density (>90%) and ionic conductivity (~1.32× 10−4 S cm-1 at 20 °C) were achieved via 

conventional solid-state sintering with a low sintering temperature of 900 °C. Next, a stable 

Li/0.75Bi-LLZO interface was achieved by using a simple yet effective succinonitrile-based 

plastic-crystal interlayer, which enabled an approximately twenty times lower interfacial 

resistance compared to the unmodified counterpart and stable cycling of the Li/0.75Bi-



161 

 

LLZO/Li symmetric cell at 0.2 mA cm-2 for 120 h. Finally, a Li/0.75Bi-LLZO/LiCoO2 all-

solid-state battery with the succinonitrile-based plastic-crystal interlayer and a composite 

cathode electrode incorporated with Li+ conductive plastic-crystal electrolyte was 

successfully fabricated. Benefitting from continuous Li+ transport pathways inside the 

composite cathode, the all-solid-state battery can stably cycle at 0.1C for 40 times at 20 °C 

and maintain a discharge capacity of ~115 mAh g-1 after 40 cycles with a Coulombic 

efficiency of ~99%. 

7.2. Future Work 

Based on the results of this dissertation, some possible directions for future research to 

achieve further enhanced properties of LLZO solid-state electrolyte and its corresponding 

solid-state Li metal batteries are presented here. 

1. Since the B2O3 surface modification has been demonstrated to be effective to 

enable a stable electrode-electrolyte interface for LiNi1/3Co1/3Mn1/3O2 cathode, its feasibility 

on other high-voltage cathode materials and its potential application in the solid-state 

batteries should also be investigated. 

2. For the PVDF based CPEs with LLZO ceramic fillers, the ionic conductivity and 

Li+ transfer number at room temperature are still needed to improve and might be optimized 

through tailoring the filler loading, the weight ratio of polymer/Li salt, the morphology of the 

filler (nanoparticle vs. nanofiber), and the membrane structure (double layer or sandwich 

structure). Besides, the interfacial stability evolution between the PVDF based CPEs and the 

electrodes is also deserved detailed investigation by advanced characterization techniques of 

such CPEs in solid-state batteries. 

3. The next phase research of Bi-doped LLZO based all-solid-state Li metal 

batteries could focus on the following aspects. Firstly, the relative density and ionic 

conductivity of the 0.75Bi-LLZO should be further improved to minimize the polarization 
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effect due to large solid-state electrolyte resistance. Sintering additives such as Li3BO3 might 

improve the relative density by existing as the glassy phase at grain boundaries after 

sintering. Through controlling the quantity of impurity phase(s), an increased ionic 

conductivity might be expected. Secondly, the thickness of the succinonitrile-based plastic-

crystal interlayer and the composition of the composite cathode electrode could be further 

optimized to achieve a decreased interfacial resistance. Thirdly, to increase the overall 

volumetric and gravimetric energy densities of all-solid-state batteries, the thickness of solid-

state electrolyte should be considered. The inexpensive and scalable tape casting method 

could be applied to fabricate a dense and thin 0.75Bi-LLZO ceramic film. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 3 

 

Figure S3.1. Comparison of XRD patterns of LLZO powders with 1.2 wt.% Al doping after 

(a) calcination at 700 °C for 6 h; (b) calcination at 700 °C for 6 h and ball milling for 2 h. Red 

lines are the standard pattern for the cubic phase of LLZO from the ICDD (PDF - 00-019-

8837). 
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Figure S3.2. SEM images and particle size distribution of LLZO powders with 1.2 wt.% Al 

doping after calcination at 900 °C for 6 h (a) before the ball milling and (b) after the ball 

milling for 2 h. 
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Figure S3.3. (a) SEM image of LLZO powders with 1.2 wt.% Al doping after calcination at 

900 °C for 6 h; (b) and (c) EDS spectra of the two areas squared in (a); chemical composition 

analysis of the two areas squared in (a). 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 4 

 

Figure S4.1. HRTEM image of 1B2O3@NCM111 powders. 



167 

 

APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 5 

 

Figure S5.1. XRD patterns of LLZO powders with different processing conditions and 

doping elements. 
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Figure S5.2. EIS for pure PVDF and PVDF based CPE with the fitting results. 

 


