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ABSTRACT 

All-Solid-State Li-ion Batteries with Li7La3Zr2O12 solid electrolyte enable higher energy density 

compared to conventional batteries with liquid electrolytes since they are compatible with Lithium 

metal anode. Despite their promises, stability issues at the interface between cathode and solid 

electrolyte need to be solved for their implementation. The interface needs to be chemically stable 

at high temperature during sintering. Electrochemical and chemo-mechanical stabilities at the 

interface are necessary during the operation of the battery for good cyclability. In order to study 

interfacial stabilities we developed model system with thin film cathode. The cell design allowed 

characterization of the interface by interface-sensitive techniques without the needs of destructive 

techniques. We studied interfacial degradation between LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode, 

and Li7La3Zr2O12 (LLZO) solid electrolyte. We evaluated thermal stability in controlled gas 

environments (Air, O2, N2, humidified O2, CO2) to identify contributors for secondary phase 

formations and their effect on charge transfer properties. Li2CO3, La2Zr2O7, and La(Ni,Co)O3 

formed at the NMC622|LLZO interface when annealed at 700 °C in air, which increased the 

interfacial resistance by 2 orders of magnitude. Sintering in gas environment without CO2 and H2O 

(g) was necessary to obtain chemically stable interfaces. Sintering in O2 gave excellent chemical 

stability and interfacial resistance comparable to lowest values obtained in literature with 

protective coatings at the interface. Sintering in N2 caused oxygen loss at high temperature, but 

secondary phases did not form. NMC622|LLZO interface was electrochemically unstable due to 

limited oxidation stability of LLZO. Electrochemical degradation at the interface reduced Ni 
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during potentiostatic hold at 4.3 V vs Li/Li+, and formed reduced phases with Ni2+ and Co2+ from 

cycling at 80 °C. Electrochemical degradation decreased capacities by overpotential increase. 

Reduction was not observable when cycling temperature was lowered to room temperature, 

indicating that the reaction could be kinetically inhibited. Stress due to lattice parameter changes 

of NMC622 during cycling caused intergranular cracks in NMC622 film and delamination at 

NMC622|LLZO interface. Chemo-mechanical degradation caused abrupt capacity decrease by 

disconnecting Li-ion conduction pathway, so it should be avoided for better cyclability. 

Understanding of interfacial degradation offers guidelines for designing All-Solid-State Li-ion 

batteries with better interfacial stability.  
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1. Introduction 

1.1. Overview and working principles of Li-ion batteries 

From 1990s when Sony developed their first commercial Li-ion batteries,1 Li-ion batteries have 

been the leading choice for storing energy.2 Li-ion batteries store energy in a portable chemical 

form, which can be easily converted to electrical energy with high efficiency.3 Due to its high 

energy density and good cyclability, Li-ion batteries are used in portable electronic devices, 

electric vehicles, and large-scale grid energy storage systems.  

Li-ion batteries are consisted of three parts. There is a cathode (positive electrode), an anode 

(negative electrode), and an electrolyte which separates cathode and anode. Cathodes and anodes 

are mixed ionic conductors, which allow flow of both electrons and Lithium ions. Electrolytes 

are lithium-ion conductors, and electronic insulators. During charge, electrons are extracted from 

cathode, and supplied to anode through an external circuit by an external power source. To 

maintain charge neutrality, Li ions migrate from cathode to anode through electrolyte. Opposite 

happens during discharge. Electrons travel back from anode to cathode through an external 

circuit, and Li ion migrates from anode to cathode through electrolyte. Amount of charge that 

can be extracted from and incorporated into electrodes determines the capacity of the battery. 

Measured voltage of the cell depends on the difference of electrochemical potential of electrons 

between cathode and anode.4 

𝑉 =
𝜇𝑒−(𝑎𝑛𝑜𝑑𝑒) − 𝜇𝑒−(𝑐𝑎𝑡ℎ𝑜𝑑𝑒)

𝑒
 

Energy density, which is the key parameter for evaluating the performance of Li-ion batteries, 

can be calculated by multiplying capacity and voltage of the battery and dividing it by weight or 

volume. Dividing by weight gives gravimetric energy density (unit: Wh/kg), and dividing by 

volume gives volumetric energy density (unit: Wh/L). Rate capability and cyclability are also 

important parameters. Rate capability indicates the speed of charge and discharge. 1 C rate 

means the cell requires 1 h for full charge. 0.5 C rate means it needs 2 h, and 2 C rate means it 

needs 0.5 h. Cyclability indicates how much charge/discharge capacity decreases as cycling 

number increases. 
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1.2. All-solid-state Li-ion batteries with Li7La3Zr2O12 solid electrolyte 

Next-generation Li-ion batteries should have better safety, and higher energy density compared 

to current Li-ion batteries. Current batteries based on liquid electrolytes have inherent safety 

issues due to their flammability. Liquid electrolytes consist ethylene carbonate (EC) mixed with 

linear carbonate species such as dimethyl carbonate (DMC) and LiPF6 salt.3 Carbonate solvents 

have low flash points around 30 °C,5 and LiPF6 salt can react with carbonate solvents over 

60 °C.6 Thermal instability issues can lead to fire and explosion. The energy density of 

commercial Li-ion batteries has increased from 80 Wh/kg to ~250 Wh/kg in the last 30 years.1,7 

However, the energy density needs to be increased further for the long range electric vehicles 

and grid energy storage purposes.7,8 

Replacing liquid electrolyte to inorganic solid electrolyte eliminates flammability issues since 

they are not flammable. In order to increase energy density, the solid electrolyte should be 

compatible with electrodes with high energy density. Compatibility with the lithium metal anode 

is the most ideal, since the energy density of lithium metal (3860 mA/g) is more than 10 times of 

energy density of graphite anodes (372 mAh/g) which are currently used in commercial 

batteries.2 

In this perspective, Li7La3Zr2O12 (LLZO) is the most promising solid electrolyte due to its 

excellent anode side stability which makes it compatible with lithium metal anode. Han et al.9 

and Richards et al.,10 predicted 0.05 V vs Li/Li+ and 0.07 V vs Li/Li+ as stability limit of LLZO 

against reduction respectively. Although the predicted stability limit for reduction of LLZO is 

still slightly higher than oxidation potential of lithium metal, experimental studies reported 

electrochemical stability at LLZO|Li interface. Overpotentials form cycling experiments with 

symmetric Li|LLZO|Li cells remained constant as cycling number increased, which demonstrates 

non-existence of secondary chemical reactions at LLZO|Li interface during cycling.11 Although 

there are still issues related to lithium dendrite growth through grain boundaries of LLZO,12,13 

many recent works have shown promising strategies to solve the issue.14–16 
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1.3. Cathode side interfacial issues of Li7La3Zr2O12 

1.3.1. Computationally predicted chemical instabilities at cathode|Li7La3Zr2O12 interface 

Unlike the excellent stability against reduction, LLZO has relatively poor stability against 

oxidation. This causes chemical stability issues at cathode|LLZO interface. Computationally 

predicted oxidation stability limit of LLZO is 2.91 V,9 which is lower than typical cell voltages 

vs Li/Li+ in batteries. LLZO is predicted to decompose into Li6Zr2O7, Li2O2, La2O3 over 2.91 V, 

and La2Zr2O6, Li2O2, La2O3 over 3.17 V.9 Li2O2 is predicted to further oxidize into O2 over 3.30 

V.9  

The computational prediction was consistent with experimental findings. Oxidation current 

appeared over 4.0 V from Cyclic Voltammetry (CV) scan of Li|LLZO|LLZO-C cell, along with 

decrease of O/Zr elemental ratio.9 O/Zr elemental ratio decrease originated from oxygen loss 

from LLZO, which fitted with Density Functional Theory (DFT) predicted degradation pathway. 

La2Zr2O7 formed after 120 h of potentiostatic hold at 4.1~4.3V vs Li/Li+ at 350 °C.17  Formation 

of delithiated phases upon oxidation matched with DFT prediction. Mismatches between 

voltages for experimentally observed onset of oxidation and computation prediction comes from 

overpotential. 

Table 1 summarizes reaction products of layered oxide cathodes and LLZO predicted by DFT 

calculation and corresponding energies of reaction. 

Table 1 Reaction products and reaction energies for reactions between layered oxide cathodes 

and LLZO 

Reactants Products 
Reaction Energy 

(meV/atom) 
Reference 

LiCoO2, LLZO - 0 Nolan et al.18 

LiCoO2, LLZO 
Li6Zr2O7, La2O3, 

Li5CoO4 
-2 Xiao et al.19 

Li0.5CoO2, LLZO 
O2, La2O3, LiCoO2, 

La2Zr2O7 
-21 Nolan et al.18 

Li0.5CoO2, LLZO 
La2Zr2O7, LiCoO2, 

La2O3, Li2CoO3 
-57 Xiao et al.19 
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LiNi1/3Mn1/3Co1/3O2, 

LLZO 

Li2O, LiCoO2, 

Li6Zr2O7, Li2NiO3, 

NiO, La2MnCoO6 

-87 Nolan et al.18 

LiNi1/3Mn1/3Co1/3O2, 

LLZO 

Li5CoO4, NiO, 

La2O3, Li6Zr2O7, 

Li2MnO3 

-1 Xiao et al.19 

Li0.5Ni1/3Mn1/3Co1/3O2, 

LLZO 

LiCoO2, Li6Zr2O7, 

Li2NiO3, Li2ZrO3, 

Li2O2, La2MnCoO6 

-132 Nolan et al.18 

Li0.5Ni1/3Mn1/3Co1/3O2, 

LLZO 

La2MnNiO6, NiO, 

LiNiO2, Li2CoO3, 

La2Zr2O7, Li2MnO3 

-44 Xiao et al.19 

LiNi0.6Mn0.2Co0.2O2, 

LLZO 

Li2O, Li6Zr2O7, 

Li2NiO3, NiO, 

La2MnCoO6 

-63 Nolan et al.18 

Li0.5Ni0.6Mn0.2Co0.2O2, 

LLZO 

Li2NiO3, Li2ZrO3, 

ZrO2, NiO, 

La2MnCoO6 

-117 Nolan et al.18 

LiNi0.8Mn0.1Co0.1O2, 

LLZO 

Li2O, Li6Zr2O7, 

Li2NiO3, NiO, 

La2MnCoO6 

-38 Nolan et al.18 

Li0.5Ni0.8Mn0.1Co0.1O2, 

LLZO 

Li2NiO3, ZrO2, NiO, 

La2MnCoO6, 

La2Zr2O7 

-80 Nolan et al.18 

Li rich phases (Li5CoO4, Li2NiO3, Li2MnO3, Li6Zr2O7, Li2ZrO3, Li2O, Li2O2), Ruddlesden-

Popper phases with lanthanum and transition metals (La2MnNiO6, La2MnCoO6), and delithiated 

oxides with lanthanum and zirconium (La2O3, La2Zr2O7) are predicted according to DFT 

predictions.18,19 However, these DFT predictions did not consider effect of gas environments on 

the reaction between layered oxide cathodes and LLZO. Both layered oxide and LLZO reacts 

with H2O (g) and CO2 (g) in air and form LiOH and Li2CO3.
20–23 These reactions consume 

lithium, and inhibit formation of Li-rich DFT predicted phases. DFT calculation including CO2 
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as a reactant predicted formation of Li2CO3, La2Zr2O7, and La2O3, even when only 0.0004 CO2 

per LLZO atom were considered.18 Li2CO3 formed as a secondary phase instead of other Li-rich 

phases when CO2 was present. The discrepancy between predictions demonstrates importance of 

gas environment on reaction pathway. 

Moreover, delithiation of layered oxide cathodes and LLZO makes them unstable. Layered oxide 

cathode decomposes into spinel and rock salt phases,24 and LLZO degrades into Li2O2, Li6Zr2O7, 

La2O3, La2Zr2O7, O2.
9 Delithiation of layered oxide cathode and LLZO can make the interface 

between two phases chemically unstable, and drive chemical reaction. 

1.3.2. Thermal stability issues at cathode|Li7La3Zr2O12 interface 

Table 2 summarizes reaction products between layered oxide cathodes and LLZO, and 

corresponding annealing conditions obtained from experimental works. Dwell time and gas 

environment were specified if authors provided the information. Products were left blank if the 

authors did not observe secondary phases formation. 

Table 2 Experimentally characterized reaction products for layered oxide cathodes and LLZO 

after heat treatment 

Reactants Products Annealing condition Reference 

LiCoO2, LLZO La2CoO4 700 °C, 2 h (Air) Kim et al.25  

LiCoO2, LLZO LaCoO3 900 °C, 10 h (Air) Ren et al.26 

LiNi1/3Mn1/3Co1/3O2, 

LLZO 
La(Co,Mn)O3 900 °C, 10 h (Air) Ren et al.26 

LiCoO2, LLZO - 900 °C, 2 h (Air) Yu et al.27 

LiNi0.8Mn0.1Co0.1O2, 

LLZO 
La4NiLiO8 900 °C, 2 h (Air) Yu et al.27 

LiCoO2, LLZO - 

800 °C (Synthetic 

Air (O2:N2 = 21:79 

(volume ratio)) 

Hong et al.28 

LiNi0.5Mn0.3Co0.2O2, 

LLZO 
Tetragonal LLZO 800 °C (N2) Hong et al.28 

LiCoO2, LLZO - 800°C, 5 h (Air) Wakasugi et al.29 
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LiCoO2, LLZO LaCoO3 1100 °C, 2h Uhlenbruck et al.30 

LiCoO2, LLZO Tetragonal LLZO 700 °C, 1 h (Air)  Park et al.31 

LiCoO2, LLZO La2Zr2O7 600 °C, 1 h (Air)  Zhang et al.32 

LiNi1/3Mn1/3Co1/3O2, 

LLZO 
LaNiO3, La2Zr2O7 600 °C, 1 h (Air) Zhang et al.32 

LiCoO2, LLZO LaCoO3, La2Zr2O7 700 °C, 1 h (Air)  Zhang et al.32 

LiNi1/3Mn1/3Co1/3O2, 

LLZO 
LaNiO3, La2Zr2O7 700 °C, 1 h (Air) Zhang et al.32 

Perovskites (La(Co,Mn)O3, LaCoO3, LaNiO3) and Ruddlesden-Popper phases with lanthanum 

and transition metals (La2CoO4), and Li-deficient phase (La2Zr2O7) formed in experimental 

studies,25,26,30,32 which matched with DFT predictions.18,19 However, none of the experimental 

works reported formation of Li rich phases predicted by DFT calculation. In addition, there is no 

consensus on the secondary phases formed at the interface their onset conditions due to thermal 

degradation.25–32 

1.3.3. Electochemical stability issues at cathode|Li7La3Zr2O12 interface 

Charging makes layered oxide cathode|LLZO interface more unstable compared to discharged 

state. Reaction energies between half-lithiated layered oxide cathodes and LLZO are lower than 

fully lithiated layered oxide cathodes and LLZO according to DFT predictions.18,19  

Despite theoretical prediction of electrochemical degradation at layered oxide cathode|LLZO 

interface, there has not been an experimental demonstration in a realistic operating condition yet. 

Hong et al. reported formation of secondary phases from decomposition of LiNi0.5Mn0.3Co0.2O2 

and LLZO, as they annealed the cell after charging up to 3.8 V.28 La2Zr2O7, La2Li0.5(TM)0.5O4 

(TM: transition metal), La(TM)O3 (TM: transition metal) formed over 500 °C.28 From the 

results, authors proposed Lithium migrate from LLZO to NMC during heat treatment, leading to 

formation of delithiated phases. The result matches with DFT predicted degradation at layered 

oxide cathode|LLZO interface.18,19 However, it is difficult to get fundamental understanding of 

electrochemical stability from the work since the degradation in the work comes from both 

electrochemical and thermal instability at the interface. Cell operation at 500 °C is also not a 

practical condition. In-operando characterization of the cathode|LLZO interface during cycling 
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or potentiostatic hold under realistic temperature condition is necessary to properly investigate 

electrochemical stability issues at the interface. 

1.3.4. Chemo-mechanical stability issues at cathode|Li7La3Zr2O12 interface 

Charging causes stress at layered oxide|LLZO interface since lattice parameters of layered oxide 

cathodes depends on their lithium contents. Crystal structure of LiNi0.6Mn0.2Co0.2O2 (NMC622) 

cathode changes from H1 to H2 during charging as lithium content changes from 

LiNi0.6Mn0.2Co0.2O2 to Li0.6Ni0.6Mn0.2Co0.2O2.
33 Lattice parameter changes from a = 2.86 Å, 

c=14.227 Å (H1) to a = 2.81 Å, c=14.375 Å (H2). Strain energy calculated from lattice 

parameter changes were higher than fracture energy at both LiNixMnyCo1-x-yO2|LLZO, 

LiCoO2|LLZO interfaces.34 The calculation predicts crack formation and delamination at layered 

oxide cathode|LLZO interface during cycling. Liu et al. identified crack formation at 

cathode|LLZO interface with Scanning Electron Microscopy (SEM) after cycling 

LiCoO2|Li3BO3-In2(1-x)Sn2xO3|Ta-LLZO|Li cell at 150 °C.35 The authors correlated this 

irreversible capacity loss. However, the authors did not discuss effects of intergranular cracks in 

the cathode particles in the work, potentially due to low magnification used in acquiring SEM 

image. Intergranular cracks within cathode particles in All-solid-state batteries increases lengths 

of conduction paths within cathodes and isolate grains from conduction path.36 Overpotential 

increases and capacity decreases accordingly. Therefore, analyzing mechanical degradation at 

both cathode|Li7La3Zr2O12 interface and between grains of cathodes is necessary to fully 

understanding the effect of chemo-mechanical stability issues, 

1.4. Overview of the thesis 

Following chapters in this thesis discuss stability issues at the interface between layered oxide 

cathodes (LiCoO2, LiNi0.6Mn0.2Co0.2O2 (NMC622)), and LLZO solid electrolyte. The thesis 

provides complete understanding on the interfacial degradation at the layered oxide 

cathode|LLZO interface from the manufacture stage (sintering to gain good contact between 

cathode and solid electrolyte) to operation stage (electrochemical cycling of the battery). By 

combining results from experimental techniques and Gibbs Free Energy analysis, we have 

identified major contributors for degradation in each stage. From the clear understanding of the 

degradation pathways, we suggested strategies to avoid interfacial degradation. 

Following summarizes content of each chapter: 
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Chapter 2 discusses thermal degradation at NMC622|LLZO interface in air. We have prepared 

model system consisting thin film NMC622 to study interfacial region between NMC622 and 

LLZO. Identification of secondary phases (Li2CO3, La2Zr2O7, La(Ni,Co)O3) and their onset 

conditions were possible by analyzing experimental results from X-ray Absorption Spectroscopy 

and X-ray Diffraction. Formation of secondary phases after annealing in air at 700 °C increased 

the interfacial resistance at NMC622|LLZO interface by two orders of magnitude. Based on the 

formation of Li2CO3 and delithiated phases (La2ZrO7, La(Ni,Co)O3), we have hypothesized that 

presence of CO2 and delithiation of the interface by formation of Li2CO3 is a key contributor 

driving interfacial instability. 

Chapter 3 tests the hypothesis by comparing thermal stability at LiCoO2|LLZO and 

NMC622|LLZO in different gas environments. We evaluated interfacial instability in O2, N2, 

humidified O2, and CO2 gas environments to test detrimental role of H2O (g) and CO2. We 

investigated effect of H2O (g) and CO2 as they can both delithiate the interface by forming LiOH 

and Li2CO3 respectively. We did Gibbs Free Energy analysis to evaluate thermodynamic 

stability in different gas environments. We used model system with thin film cathode discussed 

in Chapter 2 to characterize phase degradation at the interface. Samples annealed in CO2 suffered 

from severe secondary reactions, which fitted with Gibbs Free Energy analysis predicting 

spontaneous reaction. H2O was detrimental at low temperature, but the effect could be reversed 

at high temperature. Avoiding CO2 and H2O gave chemically stable interface with lowered 

interfacial resistance. Notably, using pure O2 gave interfacial resistance (130 cm2) comparable to 

lowest values obtained in previous literatures with interlayer coatings at the interface. 

Chapter 4 discusses electrochemical stability at NMC622|LLZO during potentiostatic hold at 

charging cutoff voltage, and electrochemical cycling. We hypothesized limited oxidation 

stability of LLZO and the presence of Ni4+ in the charged NMC622 will lead to instability at 

NMC622|LLZO interface. We designed cell for in-operando XAS study on NMC622|LLZO 

interface. Ni reduced during potentiostatic hold at charging cutoff voltage at room temperature, 

revealing electrochemical instability at NMC622|LLZO interface at high voltage. In contrast, in-

operando XAS for cycling at room temperature did not show formation of reduced phases. Ex-

situ XAS for samples cycled at higher temperature (80 °C) revealed formation of reduced phases 
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with Ni2+ and Co2+ after cycling. The discrepancy indicates that the secondary reaction at 

NMC622|LLZO interface could be kinetically limited at low temperature.  

Chapter 5 discusses chemo-mechanical stability at NMC622|LLZO interface upon 

electrochemical cycling.  Lattice parameters of NMC622 change during lithiation and 

delithiation, which causes stress between NMC622 grains and at NMC622|LLZO interface. We 

identified crack formation between NMC622 grains and at NMC622|LLZO interface from a 

cycled cell by FIB-SEM. Isolation of NMC622 particles during 1st cycle caused steep decrease in 

capacity. 

Chapter 6 summarizes thermal, electrochemical and chemo-mechanical degradation mechanisms 

at LiCoO2|LLZO and NMC622|LLZO interface. Outlooks for further experiments based on 

findings from previous chapters are given.  
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2. Thermal stability at LiNi0.6Mn0.2Co0.2O2|Li7La3Zr2O12 interface in 

air1 

2.1. Introduction 

As discussed in Chapter 1, computational studies based on first-principles and thermodynamic 

calculations have predicted interfacial degradation between layered oxide cathodes and LLZO. 

10,19 There had been attempts to characterize chemical reactions between layered oxide cathodes 

and LLZO, but a consensus on the nature of the decomposition products is missing,25,26,30 and the 

onset conditions for the degradation remain unexplored. Furthermore, the theoretical predictions 

of the formation of Li-rich phases such as Li2NiO3, Li5CoO4, Li2MnO3,
10,19 does not match well 

with experimental findings in literature25,26,31,32 as well as in recent work37 from our group and 

present work. We believe the discrepancy comes from the role of different chemical species and 

elevated temperatures in the environment, that were not considered in those calculations. 

Probing the cathode-solid electrolyte interface is a major challenge. X-ray diffraction on mixed 

powders is a practical approach to identify reaction phases between solid electrolyte and cathode 

materials. However, for detecting the secondary phases with good sensitivity using this bulk 

approach, the reaction has to have proceeded significantly to be within the detection limit of 

powder XRD. Thus, it misses the ability to detect the onset conditions and identify the effect of 

very thin reaction zones on the charge transfer kinetics. We have recently addressed this 

challenge by using thin film cathode layers as model systems, deposited on solid electrolyte 

pellets.37 This approach positions the interfacial region within the detection depth of techniques 

such as X-ray absorption spectroscopy (XAS). This enabled us to capture the initiation of the 

degradation process at relatively low temperatures, and to precisely characterize the secondary 

phases and the reacted zone depth (on the order of nm-scale) at the LiCoO2|LLZO interface.37 

In this research, we have adopted the same thin-film cathode approach as in recent work from 

our group37, and have focused on the layered oxide cathode, LiNi0.6Mn0.2Co0.2O2 (NMC622) on 

LLZO electrolyte. By substituting Co with Ni, it is possible to extract more electrons from the 

 
1 Reprinted (adapted) with permission from Kim, Y.; Kim, D.; Bliem, R.; Vardar, G.; Waluyo, I.; Hunt, A.; Wright, 

J. T.; Katsoudas, J. P.; Yildiz, B. Thermally Driven Interfacial Degradation between Li7La3Zr2O12 Electrolyte and 

LiNi0.6Mn0.2Co0.2O2 Cathode. Chem. Mater. 2020, 32 (22), 9531–9541. 

https://doi.org/10.1021/acs.chemmater.0c02261. Copyright 2020 American Chemical Society. 
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cathode during charging without triggering oxygen evolution.38 In addition, Mn incorporation 

gives additional stability by suppressing Ni4+ formation.39 Using NMC622 could lead to cells 

with high operating voltage and capacity,40 and this makes the system more interesting for 

industrial applications.  

Our approach combines synchrotron techniques (X-ray Absorption Near Edge Spectroscopy 

(XANES), Extended X-ray Absorption Fine Structure (EXAFS)) and lab-based techniques (X-

ray Diffraction (XRD), Electrochemical Impedance Spectroscopy (EIS)). XRD enables 

preliminary phase analysis, but XRD alone is not sufficient to resolve the onset of the 

degradation where phases have low crystallinity and overlapping peaks. We used XANES and 

EXAFS to characterize the local chemical and atomic coordination environment, even at 

relatively low temperatures, where the onset of reactions has taken place but the products have 

not formed long range order yet. By combining the results obtained from our work and former 

literature on the instability of layered oxides, we explain the degradation behavior at the 

NMC622/LLZO interface. Results showed that cation intermixing and oxidation starts at 300 °C, 

and the effect becomes more severe as temperature rises in air. We found formation and 

crystallization of Li2CO3 starting from 500 °C. At 700 °C, La(Ni,Co)O3 and La2Zr2O7 were also 

detected. We assessed the impact of the chemically degraded interface on the charge transfer 

properties by performing EIS on symmetric NMC622|LLZO|NMC622 samples. Interfacial 

resistance increased with annealing temperature, showing that chemical degradation at the 

interface leads to blockage of Li ion transfer through the interface. 

2.2. Experimental design and methods 

In order to understand interfacial degradation between NMC622 cathode and LLZO, it is 

necessary to keep the interfacial region within the detection depth of characterization techniques. 

In our experiment, XANES experiment using soft X-rays set the upper limit of the thickness of 

NMC622 thin films that could be used. The thickness was chosen considering the mean free path 

of photons with 1 keV energy,41 which is 100nm. Samples were prepared by depositing NMC622 

on top of pre-prepared LLZO pellets by RF Sputtering at nominally room temperature 

conditions.  

We bought Al doped LLZO powder from MSESupplies. Al doping concentration was 0.24mol 

per Li7La3Zr2O12. We pressed powder in a pellet form by using 10mm pressing die. We applied 6 
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Metric Tons for 2min to get a pellet. Pellets were sintered in an alumina crucible. Each pellet 

was covered by fresh LLZO powder to compensate Li loss and inhibit further Al doping from 

Alumina crucible. We sintered pellets at 1150°C for 12h in air. After sintering, we polished the 

pellets using polishing papers. 600 grit, 800 grit, 1000 grit, 1200 grit papers were used in 

sequence. Pellets were 9mm in diameter, 1mm in thickness after polishing. Pellets were stored in 

a glove box with Ar environment before sputtering. 

NMC622 cathode and gold contact layers were deposited by RF Sputtering. NMC622 target had 

10% excess Li to compensate Li loss during sputtering. Both targets were 2 inch in diameter. We 

polished pellets with 1200 grit polishing papers right before sputtering. Sputtering was done with 

100W power. Pressure in the chamber during deposition was 3mTorr. For NMC622 deposition, 

we introduced argon and oxygen in the sputtering chamber during deposition (Ar: 9sccm, O2: 

3sccm). Au deposition was done in pure Ar environment (Ar: 12sccm) for the EIS samples. 

Sample stage was rotated during the deposition to ensure uniform deposition. Deposition was 

done in room temperature.  

After deposition of NMC622, the samples were annealed at 300 °C, 500 °C, 700 °C in air for 4 h. 

We deposited Au after heat treatment at room temperature for EIS characterization. Annealing 

was done in air in order to consider the possible effect of CO2 during chemical reaction. 

Temperature range was chosen to include the range for crystallizing layered oxide cathode thin 

films after deposition, which spans between 400°C and 700 °C.42–45 

Chemical and structural characterization was done by XANES, EXAFS, and XRD. We used 

samples with the same geometry for all the characterization techniques. These characterization 

techniques complemented each other, and together led to a reliable identification of secondary 

phases and degradation behavior. XANES and EXAFS give information regarding oxidation 

state and local chemical and coordination environment of each element. By combining data 

obtained from those two techniques, and from XRD, we conclude which secondary phases have 

formed. 

Effect of secondary phase formation on charge transfer at the interface was studied by EIS. We 

used symmetric cells with NMC622 on both sides of the LLZO pellets. This approach let us 

study the effect of cathode|electrolyte interface only, without a Li|electrolyte interface, and has 

simplified the analysis. 60 nm thick NMC622 thin film layers were deposited on both sides of 
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LLZO by RF sputtering. Annealing conditions were the same with the samples that we used for 

chemical characterization. After heat treatment, 60 nm thick Au layers were deposited on both 

sides as a current collector. 

2.3. Oxidations states of transition metals before and after thermal degradation 

The oxidation state and coordination of each element depends on the crystal in which the 

element resides in. Therefore, depending on the crystal structure of reactants and products, 

XANES spectra present different features before and after the NMC622|LLZO interface reaction. 

By analyzing the spectra, we narrowed down the possible set of candidates for the formed 

secondary phases. We studied the near edge regions of O K-edge, Ni L-edge, La M-edge, Co L-

edge, Ni K-edge and Co K-edge.  

Figure 1 shows O K-edge spectra for the 100 nm NMC622|LLZO samples, which were annealed 

at different temperatures. Feature A (528-532 eV) comes from the electronic transition stemming 

from hybridization of 3d orbitals of transition metals and 2p orbital of oxygen.46,47 According to 

former studies on LLZO and Li2CO3 including our former work, the change of shape and 

magnitude of this feature are solely dependent on the chemical environment change of transition 

metals (Ni, Co, Mn), while O K-edge spectra from LLZO and Li2CO3 do not have any features in 

this energy range.32,37,48 As seen in Figure 1 (a), magnitude of feature A gradually decreased as 

annealing temperature increased. This implies loss of transition metal atoms from the detection 

depth of XAS. This could arise from either diffusion of transition metals through 

NMC622|LLZO into LLZO and out of the detection depth, or a reaction and phase change 

involving these elements.  
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Figure 1 (a) O K-edge X-ray Absorption spectra (Partial Fluorescence Yield mode) for 100 

nm NMC622|LLZO in the as deposited state, and annealed at different temperatures in air for 

4 h. (b) Region A normalized by highest point in each region. Data shifted by arbitrarily 

chosen offset for comparison. 

 

Interestingly, the shape of feature A changed when the sample was annealed at 700 °C, as shown 

in Figure 1 (b), where the intensity is normalized by the magnitude of feature A. The sample 

annealed at 700 °C shows a low energy shoulder at 529 eV (A-1). This feature has not been 

reported by other XAS studies on NMC, even when NMC was electrochemically cycled.49,50 Since 

this feature appears after exposure to elevated temperature, we believe it is a consequence of a 

major change in the chemical environment of the transition metals. The meaning of the feature 

will be further discussed after we present the changes in the Ni and Co L2,3-edges.  

The loss of interfacial area can be characterized by examining the O K-edge XAS features.  The 

feature B (532eV-533.5eV) in Figure 1 originates from bulk LLZO.37 Since this Feature B is 

clearly seen from deposited sample, detection depth of the O K-edge XAS includes all of the 

NMC622 film and the upper portion of the LLZO pellet. Lack of this Feature B from the sample 

annealed at 700 °C indicates there is no LLZO left within the same detection depth. LLZO near 

the NMC interface had been completely transformed to secondary phases. Considering the 



28 
 

geometry of the sample, formed secondary phases completely covered the NMC622|LLZO 

interface.  

Figure 2 (a) shows La M5 edge, La M4 edge, Ni L3 edge, and Ni L2 edge for each sample. We 

normalized data by the magnitude of La M5 edge to compare the data. The M4 and M5 edges are 

evident from the as deposited sample. We attributed the changes in the shape and magnitude of 

these peaks to interfacial reactions. By comparing the magnitude of the La and Ni edges, we can 

see a decrease of Ni/La elemental ratio within the detection regime as annealing temperature 

increased. This implies Ni diffusion into LLZO away from the XAS detection depth, similar to the 

behavior deduced from Figure 1 above. In addition, Figure 2 (b) indicates that Ni gets more 

oxidized as annealing temperature increased. In the figure, data for Ni L2 edge were normalized 

with the magnitude of low energy portion of the edge for comparison. Spectral weight shift to 

higher energy is explained by oxidation of Ni.50–52 These findings together suggest formation of 

secondary phases including Ni and La at 700 °C. Further justification will be given by the 

following data. 

 

 

Figure 2 (a) La M5, La M4, Ni L3, Ni L2 X-ray absorption spectra (partial fluorescence yield 

mode) for 100 nm NMC622|LLZO in the as deposited state, and annealed at different 

temperatures in air. Amplitude of peaks normalized by La M5 peak. (b) Ni L2 X-ray 

absorption spectra (Partial Fluorescence Yield mode) for 100 nm NMC622|LLZO in the as 

deposited state, and annealed at different temperatures in air. Amplitude of peaks normalized 

by the low energy shoulder peak. 
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Co L3 edge shifted toward higher energy, consistent with an increase in the Co oxidation state, as 

the annealing temperature increased, seen in Figure 3. Interestingly, the shape of Co L3 edge and 

Co L2 edge changed drastically at 700 °C. An increase of the pre-edge feature for Co L3 edge at 

780 eV and spectral weight shift to higher energy for Co L2 edge are evident. Merz et al. reported 

these features from their study on doped LaCoO3 perovskites.53 The authors compared Co L-

edge shape for LaCoO3, La0.7Ce0.3CoO3, and La0.7Sr0.3CoO3, and found these features (the same 

as our Co L2,3 edge spectrum at 700 oC) for Co4+(high spin, HS) in La0.7Sr0.3CoO3. Notably, 

undoped LaCoO3 did not show features for Co4+(HS) in their study.  

  

Figure 3 Co L3, Co L2 X-ray absorption spectra (partial fluorescence yield mode) for 100 nm 

NMC622|LLZO in the as deposited state, and annealed at different temperatures in air. 

Amplitude of peaks normalized by the Co L3 edge. 

In our previous work on the LiCoO2|LLZO interface, formation of LaCoO3 was a reaction 

product upon annealing.37 Therefore, it is reasonable to assume the formation of similar 

perovskite phases at the NMC622|LLZO system, as we substituted elements of the cathode layer 

without changing crystal structure. However, formation of pure LaCoO3 cannot explain the 

features in Co L-edge shown Figure 3. For this reason, we propose that the secondary phase 

formed at 700 °C is a doped LaCoO3. Considering the evidence of Ni/La intermixing found from 

Figure 2, we suggest that Ni is the likely dopant in the LaCoO3 formed here. Introducing Ni into 

LaCoO3 as a B-site dopant increases Co4+(HS) content, as reported by Huang et al.54 Co L-edge 

edge shape change shown in Huang et al.’s data match well with the work of Merz et al. 
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mentioned above,53 and with Figure 3 shown in this work. Therefore, we can conclude that the 

Co oxidation state increases and becomes 4+ (HS) after annealing the interface to 700oC.  

Oxidization of Ni above +2 at 700 °C, shown in Figure 2 (b), requires that Ni concentration in 

La(Ni,Co)O3 is higher than Co. If we denote the concentration of Ni as x in LaNixCo1-xO3 

(0.5≤x≤1), we can rewrite the charge neutrality formula as (La3+)(Ni2+)1-x(Ni3+)2x-1(Co4+)1-x(O
2-)3 

according to  Pérez’s model.55 In this formula the average oxidation state of Ni is 4-1/x, and it 

increases from +2 to +3 as Ni concentration increases from 0.5 to 1 in La(Ni,Co)O3. Pérez’s 

model also states that oxidation state of Ni is fixed to +2 for LaNixCo1-xO3 with x≤0.5. So, an 

increase of oxidation state of Ni above 2+ (as seen from Ni L2-edge in Figure 2 (b)) means x>0.5 

in LaNixCo1-xO3. Assuming that the reaction front is at the buried interface between the LLZO 

and NMC, this argument is consistent with the Ni migration out of NMC622 (as seen from the 

decrease of Ni L2/La M5 ratio at 700 °C in Figure 2 (a)), presumably occurring during 

La(Ni,Co)O3 formation. 

Going back to Figure 1, increased oxidation of Co upon heat-treatment is seen further by analyzing 

the O K-edge carefully. The feature A-1 shown in Figure 1 (b) is seen in materials in which Co is 

octahedrally coordinated by oxygen ligand with holes.56,57  Miyoshi and Yamaguchi56 found that 

the feature A-1 became larger for La0.6Sr0.4CoO3-δ as the oxygen partial pressure of the 

environment increased. In addition, Karvonen et al. showed that feature A-1 became larger as 

oxygen concentration increased in SrCoO3-δ.
57 Oxygen concentration increase leads to oxidation 

of transition metal in those system. Therefore, these works give further proof to the A-1 feature 

indicating further oxidation of Co. 

The near edge regions of the Ni K-edge and Co K-edge spectra, shown in Figure 4, provide 

further support for the oxidation of Ni and Co. Data were obtained in fluorescence yield mode. 

We defined the edge by taking the energy at which the normalized absorption value was 0.5.58 

Both edges shift to higher energy as the annealing temperature increased, showing further 

oxidation of both Ni and Co. 
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Figure 4 Ni K-edge, and (b) Co K-edge X-ray absorption spectra (fluorescence yield mode) 

for 100 nm NMC622|LLZO in the as deposited state, and annealed at different temperatures 

in air. 

Figure 5 shows Mn L-edge spectra for the as-deposited sample, and for samples annealed at 

300 °C, 500 °C, 700 °C. All data showed features for Mn4+, but did not show features 

corresponding to Mn with other oxidation states (Mn2+, Mn3+).59 Therefore, oxidation state of 

Mn remained the same before and after heat treatment. 

 

Figure 5 Mn L3, Mn L2 X-ray Absorption spectra (Partial Fluorescence Yield mode) for 100 

nm NMC622|LLZO in the as deposited state, and annealed at different temperatures in air. 

Amplitude of peaks normalized by Mn L3 edge. 
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2.3. Local chemical environment of elements due to secondary phase formation 

Above we have deduced evidence for migration of Ni and Co out of NMC622 and formation of 

La(Ni,Co)O3. Thus, we expect changes in the atomic coordination of these elements and examine 

the Ni K-edge and Co K-edge EXAFS. Figure 6 (a) and (b) shows Ni K-edge and Co K-edge 

EXAFS in R-space. Figure 6 (c) and (d) shows ideal scattering paths for Ni and Co in layered 

oxides (LiNiO2, LiCoO2) and in perovskites (LaNiO3, LaCoO3). The scattering paths are plotted 

for the 1st, 2nd, and 3rd shells for layered oxides, and the 1st and 2nd shells for perovskites.  

As seen in the Figure 6 (c) and (d), LaNiO3, LaCoO3 shows almost identical scattering paths 

around Ni and Co respectively. This originates from the same crystal symmetry. Therefore, 

scattering paths obtained for Ni in LaNiO3 and Co in LaCoO3 could be used to model scattering 

path in La(Ni,Co)O3. Same logic justifies using LiNiO2 and LiCoO2 to model the scattering path 

in NMC 622. 

Magnitudes of feature A and feature B increase up to 500 °C for both Ni K-edge and Co K-edge. 

This shows crystallization of the sputtered NMC films because the feature A and B are related to 

first shell and second shell of layered oxide structure respectively.60–62 This crystallization trend 

was also reported by our former study on annealing of LiCoO2 thin film|LLZO system.37 

However, Ni K-edge EXAFS deviated from this trend at 700 °C. Magnitude of feature B 

dropped in comparison to the sample annealed at 500 °C, while magnitude of feature A remained 

almost the same. Moreover, magnitude of feature C increased compared to other temperature 

conditions. 
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Figure 6 (a) Ni K-edge (b) Co K-edge EXAFS data in real space. (c) Single scattering paths 

for LiNiO2 (mp-25592) and LaNiO3 (mp-1075921). (d) Single scattering paths for LiCoO2 

(mp-24850) and LaCoO3 (mp-1068396). (Numbers after mp indicate the identity for each 

crystal structure in the Materials Project Database63) 

Simultaneous increase of feature C and decrease of feature B at 700 °C can be explained by 

formation of La(Ni,Co)O3 phase. Figure 6 (a) and (c) show that the scattering paths from the 

second shell of NMC622 mainly contributes to feature B of the Ni K-edge EXAFS. Therefore, 

Ni migrating out of NMC622 to form the perovskite phase leads to the decrease of feature B. 

Moreover, we can see that the second shell of La(Ni,Co)O3 has a major contribution to feature C. 

Therefore, formation of the perovskite phase increases the feature C intensity. We also note that 

the first shells of both La(Ni,Co)O3 and of NMC622 contribute to feature A. Therefore, 

decomposition of NMC622 and formation of La(Ni,Co)O3 would not change the feature A, 

consistent with the lack of any change in feature A of the Ni K-edge in Figure 6 (a).  
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The behavior at 700 °C cannot be explained by only the crystallization of the NMC film. Feature 

C also has a contribution from the third shell of NMC622 as shown in Figure 6 (c). Therefore, if 

NMC622 is the only phase present, Feature C increase along with feature B decrease would 

indicate that crystallinity of the third shell of NMC622 increases while the second shell loses 

crystallinity. This is contradictory to increased crystallization. 

In contrast to the major changes in Ni K-edge EXAFS, there is only a gradual increase of 

features A, B, and C of the Co K-edge EXAFS with increasing annealing temperature. This trend 

shown in Figure 6 (b) can be explained by increased crystallization of sputtered NMC622 films, 

without the need of another phase to explain the data. This shows that effect of chemical 

environment change around Co due to formation of La(Ni,Co)O3 is overwhelmed by 

crystallization of sputtered NMC622 film. Therefore, we claim that Co does not participate as 

much as Ni in perovskite formation. This is consistent with our conclusion above, based on 

oxidation states that, Ni concentration in La(Ni,Co)O3 is higher than Co. 

2.4. Structural characterization of secondary phases 

XRD was done to verify the formation of La(Ni,Co)O3 and identify other secondary phases that 

formed due to annealing (Figure 7 (a)).  

 

Figure 7 (a) 1D XRD pattern obtained using Co anode for the 100 nm NMC622|LLZO in the 

as deposited state, and annealed at different temperatures in air. (b) 1D XRD pattern (the same 

region marked with dashed lines in (a)), measured using Cu anode, for the 100 nm 

NMC622|LLZO annealed at 700 °C in air. 
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All samples showed peaks corresponding to bulk LLZO grains (ICDD:00-063-0174). The as-

deposited sample and the sample annealed at 300 °C did not show peaks for secondary phases. In 

contrast, samples annealed at 500 °C and 700 °C showed peaks for Li2CO3 (ICDD: 00-022-1141) 

in addition to LLZO. For the sample annealed at 700 °C (Figure S5), we also identified peaks for 

La2Zr2O7 (ICDD:01-070-5602). Peaks for (222) plane (33.3˚ [Co anode]), (400) plane (38.7˚ [Co 

anode]), and (440) plane (55.9˚ [Co anode]) were clearly seen. 

We also expected peaks corresponding to La(Ni,Co)O3 from the sample annealed at 700 °C 

considering the XANES and EXAFS results. We observed peaks at 27.0° and 47.4° 

corresponding to (012) and (202) planes of LaNi0.5Co0.5O3 reference spectra (ICDD:00-054-

0834), respectively. In order to give further proofs for the perovskite phase formation, we used 

Panalytical X’Pert Pro for a detailed scan. The result is shown in Figure 7 (b). Detailed scan was 

done within the angle range (A) shown on Figure 7 (a) and Figure S5 for the sample annealed at 

700 °C. The angle range was chosen so that it includes the highest intensity peak for the 

perovskite phase. In Figure 7 (b), LLZO peaks show sharp doublets due to Cu Kα1 and Cu Kα2 

radiation. Li2CO3 (002) (31.8˚ [Cu anode]) and La2Zr2O7 (400) (33.2˚ [Cu anode]) are clearly 

identifiable. In addition, an additional small peak is present just before the La2Zr2O7 (400) peak. 

This peak could not be resolved using Bruker GADDS due to its limited resolution. This peak 

fits with the (110) plane of LaNi0.5Co0.5O3 reference spectra (ICDD:00-054-0834) (32.75˚ [Cu 

anode]), which is the strongest peak of the perovskite structure. This provides clear evidence for 

the formation of La(Ni,Co)O3. Crystallite size of La(Ni,Co)O3 was calculated using FWHM of 

XRD peak corresponding to (110) plane using the Scherrer equation.64 Crystallite size of 

La(Ni,Co)O3 was found to be 27 nm. However, this value does not necessarily correspond to the 

reaction layer thickness, as the reaction layer can consist of more than one crystal size of depth. 

EXAFS data (Figure 6) shows the increase of short-range order in NMC622 film after annealing. 

Intensity of the features corresponding to both Ni-O bond (1st shell) (Figure 6 (a)) and Co-O 

bond (1st shell) (Figure 6 (b)) increased as annealing temperature increased. However, XRD 

peaks corresponding to the NMC phase could not be detected by using the Bragg-Brentano 

geometry. We attribute this to the reaction between NMC622 and LLZO, leading to only a small 

amount of NMC622 left in the system. Because of this, XRD with Bragg-Brentano geometry was 
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not sensitive enough to the NMC phase, even when EXFAS analysis showed increase of short-

range order in NMC. Signal from bulk LLZO pellet and from the formed secondary phases 

overwhelmed the signals from the remaining NMC622 in the system. In order to confirm the 

increased crystallinity of NMC, we performed grazing incidence XRD using Rigaku Smartlab. 

Figure S6 shows grazing incidence XRD data for the sample annealed at 700 °C in air. A broad 

peak at 18.7° [Cu anode] corresponds to the XRD peak from the (003) plane of NMC622 (ICDD: 

00-066-0854). Formation of a broad peak for (003) plane has been also reported by previous 

woks on RF deposited LiCoO2 films.65,66 In addition, the peak strength for (003) plane increased 

as the incident angle decreased from 2° to 1°. This further justifies that the peak originated from 

NMC622, which had crystallized on top of the LLZO pellet. We could also observe a peak which 

could potentially come from the (104) plane of NMC622 (44.4° [Cu anode]).  However, peak 

assignment was difficult to confirm due to a nearby peak from LLZO (620) plane (44.0° [Cu 

anode]). 

2.5. Effect of the degradation on interfacial resistance 

Electrochemical impedance spectroscopy allowed to quantify the impact of the interfacial 

chemical degradation on the electrochemical charge transfer properties. The samples were 

Au|NMC622|LLZO|NMC622|Au symmetric cells, with 60nm thick NMC622 thin film layers on 

both sides of polished LLZO pellets. Au was deposited as a current collector after samples were 

prepared and annealed in air.  

Figure 8 shows the EIS data for samples with different annealing conditions. In Figure 8 (a)-(d), 

EIS data are shown in a narrower frequency range compared to Figure 8 (e)-(h), so that the small 

arcs at higher frequencies are discernable. 

We used two different equivalent circuit models to analyze the EIS data. For the as-deposited 

sample and the sample annealed at 300 °C, we used (RbulkCbulk)(Rinterface1CPEinterface1)(CPEtail)(L) 

circuit since there were two semicircles. On the other hand, we used 

(RbulkCbulk)(Rinterface1CPEinterface1)(Rinterface2CPEinterface2)(CPEtail)(L) circuit for samples annealed at 

500 °C and 700 °C as there were three apparent semicircles in the plot. Serially connected 

inductor comes from the wiring of the setting. This element has been used by works using LLZO 

pellets and improved fitting the data at the high frequency range.67,68 Serially connected constant 

phase element corresponds to the low frequency tail shown in Figure 8. 
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We observed the high frequency semicircle (RbulkCbulk) around 2.5 MHz in all samples. This 

comes from the geometry of the LLZO pellet. The conductivity and relative permittivity deduced 

from this arc  are 2.7×10-1mS/cm and ~80, respectively, consistent with values reported in 

former works on LLZO.68,69 

We also identified additional arcs at 4 kHz (Rinterface1CPEinterface1) in all samples as seen in Figure 

8. We attribute this feature to the NMC622|LLZO charge transfer resistance. The feature in the 

similar frequency range was also attributed to the interface charge transfer resistance in our 

former work on the LiCoO2|LLZO.37 In addition, a new arc arises around 40 kHz 

(Rinterface2CPEinterface2) for the samples annealed at 500 °C and 700 °C. We confirmed with XRD 

that sample annealed at 500 °C had Li2CO3, and sample annealed at 700 °C had Li2CO3, 

La(Ni,Co)O3 and La2Zr2O7 as secondary phases. Based on those findings, we attribute this 

feature around 40 kHz to the impedances arising from secondary phases.  

 

Figure 8 Electrochemical impedance spectroscopy (EIS) data for 

Au|NMC622|LLZO|NMC622|Au symmetric cells. (a)-(d): EIS data for frequency range where 

the impedance is less than 1.0kΩ·cm2 are plotted. Data for (a) As deposited (7.94MHz-794Hz), 

and samples annealed at (b) 300 °C (6.31MHz-3.16kHz), (c) 500 °C (6.31MHz-1.26kHz), (d) 

700 °C (6.31MHz-1.58kHz) in air for 4h are shown. (e)-(h): EIS data for the frequency range 

where the impedance is less than 6.0kΩ·cm2 are plotted. Data for (e) As deposited (7.94MHz-
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63.1Hz), and samples annealed at (f) 300 °C (6.31MHz-39.8Hz), (g) 500 °C (6.31MHz-100Hz), 

(h) 700 °C (6.31MHz-158Hz) in air for 4h are shown. 

Figure 9 shows comparison of cathode|electrolyte interfacial resistance for each sample. As we 

used symmetrically constructed sample, effect of the interfacial resistance is twice as large 

compared to the cell with only one cathode|electrolyte interface. In order to get interfacial 

resistance through single cathode|electrolyte interface, Figure 9 plots the Rinterface/2 for 

cathode|electrolyte interfacial resistance for the as deposited sample and the sample annealed at 

300 °C, and the (Rinterface1+Rinterface2)/2 for the samples annealed at 500 °C and 700 °C.  

As seen in Figure 9, the Area Specific Resistance (ASR) increases with annealing temperature. 

Obtained ASR arising from the interface or from the interface reactions, for as deposited, 300 °C, 

500 °C treated samples are 1.4kΩ·cm2, 1.7kΩ·cm2, 2.1kΩ·cm2 respectively. Notably, ASR 

increases dramatically to 102kΩ·cm2 when the sample was annealed at 700 °C. This fits well 

with the findings from XANES, EXAFS, and XRD that, major interfacial chemical and structural 

degradation takes place by 700 °C. Formation of phases that do not conduct Li ions,  such as 

La2Zr2O7, La(Ni,Co)O3, Li2CO3 are expected to increase the ASR at the interface.37 

 

Figure 9 Area Specific Resistance (ASR) for a single cathode|electrolyte interface from the as 

deposited NMC622|LLZO, and after annealing at different temperatures for 4h in air. 

2.5. Discussion 

The first key point we discuss is that, the secondary phases formed due to the interfacial 

degradation (La2Zr2O7, La(Ni,Co)O3 and Li2CO3) are not Li conductors. La2Zr2O7 has poor Li 

conductivity, and it is a typical secondary phase found in delithiated LLZO.70 La(Ni,Co)O3 is not 

expected to be a Li-conductor. There are perovskite Li-conductors such as (Li,La)TiO3, but Li 
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conduction requires substantial A-site vacancy fraction.71 Li2CO3 has much poorer Li 

conductivity (~10-3mS/cm) at room temperature compared to LLZO.72 

There is a large difference in interfacial resistances of the sample that only contains Li2CO3 after 

exposure to 500 °C, and that of the sample that contains Li2CO3, La2Zr2O7 and La(Ni,Co)O3 

after exposure to 700 °C. Interfacial resistance found from the former was 2.1 kΩ·cm2 and that 

from the latter was 102 kΩ·cm2. This proves that formation of interfacial products (La2Zr2O7 and 

La(Ni,Co)O3) beyond Li2CO3 led to a substantial degradation of the charge transfer properties of 

the interface. This explains the stark increase of interfacial resistance for the sample annealed at 

700 °C. Complete coverage of the interface with secondary phases (Li2CO3, La2Zr2O7, 

La(Ni,Co)O3 which are poor Li conductors) led to poor Li transfer at the interface, with two 

orders of magnitude increase in the interface impedance. 

The second key point is that, Ni has higher tendency than Co to participate in the formation of 

La(Ni,Co)O3, as deduced from the Ni K-edge and Co K-edge EXAFS data taken from sample 

annealed at 700 °C. The features for La(Ni,Co)O3 in the Ni K-edge EXAFS spectra indicates that 

substantial amount of Ni experienced a chemical environment change. In contrast, Co K-edge 

EXAFS spectra could be fully explained by crystallization of the NMC film. Therefore, only 

small portion of Co in NMC622 film participated in perovskite formation and majority of those 

remained in NMC622.  

Different reaction tendencies of transition metal cations can originate in part from their mobility 

in NMC lattice. With this, we mean two processes: i) move of the transition metal to the Li sites, 

and ii) the migration of the transition metal once it resides at the Li sub-lattice. Migration of 

transition metal cations to the nearby octahedral site of the Li sub-lattice makes them mobile in 

the oxide.73 Ni is able to move to the Li sites more readily than Co and Mn in NMC because the 

energy needed for Li+/Ni2+ exchange is lower than Li+/Co3+ or Li+/Mn4+ exchange. Calculated 

formation energy for the NiLi-LiNi, CoLi-LiCo, MnLi-LiMn antisite pairs in LiNi1/3Co1/3Mn1/3O2 are 

0.57eV, 1.42eV, 2.60eV respectively.74 Moreover, Ni has low migration barrier,  ~0.25eV, once 

it migrates into Li site by Li+/Ni2+ exchange.75 This value is on the same order of migration 

barrier of Li in layered oxide cathodes.75–78 Solid state reaction between two phases in contact 

requires flux of elements toward the interface. As Ni is the most mobile transition metal species 

in NMC lattice, Ni flux will be larger than Co and Mn. For this reason, if there is an external 
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chemical driver for reaction, we expect Ni will more readily migrate to the interface and 

participate in the reaction.  

The result suggests that increasing Ni content in the layered oxide to obtain a high power and 

high capacity cell can lead to inferior interfacial instability. Ni rich cathode is already well-

known to react with organic electrolyte and form SEI.79 Our work is the first experimental 

demonstration that the same problem exists in this all solid system, too.  

EXAFS analysis for Mn coordination was not possible due to overlap of La L1-edge and Mn K-

edge, but XRD and oxidation state analysis indicated no detectable reactivity of Mn in our 

system. There weren’t any Mn containing secondary phases detected using XRD. Oxidation state 

of Mn did not change after annealing as seen by Mn L-edge spectra (Figure S1). Therefore, we 

conclude that Mn is not participating in the secondary phase formation between LLZO and 

NMC622 in our experimental conditions. 

The third key point we discuss here, is the inconsistency between prior computational predictions 

of NMC|LLZO interfacial reactions and our experimental findings. We propose that this is 

because of not having considered the elevated temperature and gas environment effects.  Xiao et 

al., predicted Li5CoO4, NiO, La2O3, Li6Zr2O7, Li2MnO3 formation for reaction between NMC 

and LLZO.19 Richards et al., predicted La2Zr2O7, Li2NiO3, La2O3 for LiNiO2|LLZO, and 

La2Zr2O7, Li2MnO3, La2O3 for LiMnO2|LLZO.10 Both works do not predict formation of 

La(Ni,Co)O3 phase, and we did not find evidence to La2O3 or to Li-rich transition metal oxides. 

Most importantly, the pervasive Li2CO3 formation in our experimental findings is missing from 

previous theoretical reports. The discrepancy between our experimental results and prior 

calculations could arise from two key factors. First, the computational predictions we see in 

literature19,10 have not considered the potential role of gaseous species in the environment, in 

particular CO2 and H2O(g). We find substantial Li2CO3 formation as a sink of Li, consumed by 

CO2. As a result, this process is not permitting the formation of the predicted lithium rich phases 

such as Li5CoO4, Li2NiO3, Li2MnO3. Li2CO3 is also responsible for the formation of delithiated 

phases. These are La2Zr2O7 that precipitate from LLZO, and La(Ni,Co)O3 that can form as a 

reaction product when LLZO and NMC are delithiated and become more unstable.  As neither 

NMC622 nor LLZO contains carbon, reaction requires substantial carbon influx from outside the 

sample to proceed. Since we annealed the sample in air, CO2 is the carbon source. This shows 
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the importance of the gas environment in the interfacial degradation. Based on this, we argue that 

controlling the gas environment, especially 𝑃𝐶𝑂2
 during the synthesis of these interfaces is 

important in achieving better stability.  

Another reason behind the seeming discrepancy is likely the effect of entropy, which becomes 

important at higher temperatures. Both Xiao et al., and Richards et al., calculated energies for 

phases which are in ground state or in equilibrium at a certain composition, and used those to 

find the reaction giving largest driving force.10,19 However, as Xiao et al., noted in their work, 

this approach could underestimate the effect of configurational entropy at elevated 

temperatures.80  

The results presented in this chapter prompt us to hypothesize that CO2 is the major contributor 

for interfacial degradation between NMC622 and LLZO at elevated temperature. Li2CO3 forms 

by reacting with CO2 in ambient air. This reaction reduces the Li content in NMC and in LLZO, 

rendering them less stable. As a result, delithiated phases, La(Ni,Co)O3 and La2Zr2O7, form 

between NMC and LLZO. This hypothesis warrants more work to probe the NMC|LLZO 

interface after subjecting it to different gas conditions, and that is the topic of the next chapter 

(Chapter 3) of this thesis. 

2.6. Conclusion 

In this chapter, we revealed products of interfacial reactions at NMC622|LLZO during annealing, 

starting with onset temperatures as low as 500 °C in air. This was possible by using thin film 

cathodes within the detection depth of near-surface sensitive techniques, and by combining 

findings from synchrotron based XANES and EXAFS with lab-based XRD. Major 

decomposition products, Li2CO3, La2Zr2O7, and La(Ni,Co)O3, were found in the sample 

annealed at 700 °C. In contrast, such phases were not present in the sample annealed at 300 °C, 

and only Li2CO3 was present in the sample annealed at 500 °C. Identification of La(Ni,Co)O3, 

with substantial Ni content, was possible by careful analysis of XANES and EXAFS data. Ni 

was found to be more reactive than Co in forming this secondary phase at the LLZO interface. 

Importantly, the formed secondary phases are detrimental to the electrochemical properties. Area 

specific resistance at the cathode|electrolyte interface increased by two orders of magnitude after 

annealing up to 700 °C compared to the as-prepared NMC622|LLZO. Based on these results, we 

can conclude that using low temperature processing is necessary to avoid detrimental secondary 
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phase formation if the production is done in air. Considering the reactants and products of the 

degrading reaction, we hypothesize that CO2 is the major contributor for interfacial degradation 

between NMC622 and LLZO at elevated temperature, and we suggest using a gas environment 

that doesn’t contain CO2 to minimize interfacial degradation. Effect of gas environments on 

interfacial degradation will be further explored in the next chapter (Chapter 3). 
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3. Effect of gas environment on thermal stability at 

LiCoO2|Li7La3Zr2O12 and LiNi0.6Mn0.2Co0.2O2|Li7La3Zr2O12 

interfaces2 

3.1. Introduction 

In the previous chapter (Chapter 2), we have indicated the importance of the importance of the 

gas environment on the thermal stability of LLZO in contact with layered oxide cathode 

materials.37,81 Li2CO3, LaCoO3, La2Zr2O7 formed at the LiCoO2|LLZO interface,37 and Li2CO3, 

La(Ni,Co)O3, La2Zr2O7 formed at LiNi0.6Mn0.2Co0.2O2(NMC622)|LLZO81 when these interfaces 

were annealed in air from 300 °C to 700 °C. Computational predictions, on the other hand, 

predicted the formation of Li-rich phases (Li2NiO3, Li5CoO4, Li2MnO3).
10,19 In particular the 

presence of Li2CO3 as a reaction product prompted us to hypothesize that CO2 favors the 

formation of Li2CO3, and this leads to delithiating the LLZO, LCO and NMC622, rendering 

these phases more unstable and more likely to react with each other, resulting in the formation of 

Li-deficient secondary phases. This warrants new experiments and calculations considering the 

gas environment explicitly when evaluating the stability of layered oxide cathode|LLZO 

interfaces, as we present in this chapter. 

It is well known that both bulk LLZO and layered oxide cathodes degrade by losing Li as they 

react with H2O(g) and CO2(g). LLZO degrades by forming LiOH and Li2CO3 near the surface 

under H2O and CO2 gas environment.22,23 Layered oxide cathodes, especially the ones with high 

Ni content, also have similar stability issues with H2O and CO2.
20,21 Both LLZO and layered 

oxide cathodes become unstable by losing Li. LLZO decomposes into Li2O2, Li6Zr2O7, La2O3, 

La2Zr2O7, O2 upon delithiation.9 Delithiated layered oxide cathodes transform to spinel and rock 

salt phases by losing oxygen.24 Such instabilities due to Li-loss from LLZO and/or the layered 

oxide cathode can aggravate the thermodynamic instability between these phases at elevated 

temperatures. This is consistent also with the theoretical prediction that the reaction between 

 
2 Reprinted (adapted) with permission from Kim, Y.; Waluyo, I.; Hunt, A.; Yildiz, B. Avoiding CO2 Improves 

Thermal Stability at the Interface of Li7La3Zr2O12 Electrolyte with Layered Oxide Cathodes. Advanced Energy 

Materials 2022, 12 (13), 2102741. https://doi.org/10.1002/aenm.202102741. © 2022 The Authors. Advanced Energy 

Materials published by Wiley-VCH GmbH. 
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delithiated LCO and LLZO is thermodynamically more favorable compared to the reaction 

between fully lithiated LCO and LLZO.82  

Based on our earlier findings37,81, and the known detrimental role of H2O(g) and CO2(g) in 

destabilizing LLZO and layered oxide cathodes,20,22,23 we believe it is important to assess the 

role of the gas environment in the stability of cathode|LLZO interfaces. In this work, we test this 

hypothesis by simple thermodynamic calculations and by model thin-film experiments with 

controlled gas environments. We used NMC622, which is a promising high voltage layered 

oxide cathode for experimental characterization. We used LiCoO2 for thermodynamic 

calculations to predict and interpret qualitatively the reactivity between LLZO and a layered 

oxide cathode. LCO is simpler than NMC622 in deducing the reaction pathways and products, 

but yet representative given the presence of Co as a transition metal. We chose O2, N2, 

humidified O2, and CO2 gas environments to isolate their effect on the interfacial stability, as 

these constitute majority of gas species in air. Humidified O2 and CO2 environment were chosen 

to study the effect of H2O(g) and CO2(g) on interfacial degradation. O2 and N2 environments 

were control groups which don’t contain H2O(g) and CO2(g). 

Model systems comprising thin film cathode layers on LLZO pellets present advantages for 

studying interfacial degradation as demonstrated in our previous works.37,81 The buried interface 

region of such thin films (≤100 nm) is within the detection depth of near-surface sensitive 

techniques such as soft X-ray absorption spectroscopy (XAS) using fluorescence yield detection 

mode. This allows us to detect the onset temperature of degradation and identify the phases 

without relying on destructive techniques such as transmission electron microscopy. Moreover, 

as XAS is sensitive to the oxidation state and local chemical environment, we could identify the 

onset of chemical reactions even when the formed phases had low crystallinity, unlike X-ray 

diffraction on bulk powder samples whose sensitivity needs a large fraction of the sample to 

have degraded and formed high crystallinity.  

Precise characterization of phase degradation and evaluation of their effect on charge transfer 

properties were possible by combining findings from X-ray absorption spectroscopy (XAS), X-

ray diffraction (XRD), electrochemical impedance spectroscopy (EIS). Ruling out phases that 

did not match with XAS improved the reliability of our thin film XRD analysis. 
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As a result, pure O2 gas condition was ideal, with good interface stability and decrease of 

interface resistance up to 700 °C. Sample annealed at 700 °C in O2 had the lowest Area Specific 

Resistance (ASR), 130 Ω∙cm2. This value is comparable to the lowest ASRs obtained at 

LiCoO2|LLZO interfaces with coated interlayers.83–86 In this work, by removing CO2 from the 

gas environment during sintering, we succeeded in obtaining comparably low ASRs without the 

additional steps of depositing a protective interlayer.  

To verify the relevance of the O2-annealed interface, we have prepared and tested a 

Pt|NMC622|LLZO|Li cell, where the NMC622|LLZO was first annealed in O2 at 700 °C. This 

sample had a first-charge capacity of 117 mAh/g, comparable to an earlier report on 

NMC622|LLZO all solid battery with a Li3BO3 interlayer87, and with the voltage plateaus for 

charging and discharging consistent with the lithiation and delithiation of NMC622. This result 

demonstrated that annealing the NMC622|LLZO in pure O2 can indeed provide good initial 

electrochemical properties. Annealing in N2 also led to a stable interface without any secondary 

phase formation. However, XAS revealed oxygen loss from NMC622. Even though the N2 

condition was less ideal than pure O2, it could be a more cost-effective alternative compared to 

pure O2 gas. Samples were hydrated after they were annealed in humidified O2 at 500 °C, 

causing interface resistance increase. Upon further increase of annealing temperature in 

humidified O2, NMC622 was dehydrated at 700 °C and had a lower interface resistance, 

comparable to that in pure O2. This verified that the detrimental effect of humidity can be 

avoided if the annealing temperature is high enough. Finally, CO2 environment was the most 

detrimental. Secondary phases formed at 500 °C and 700 °C, leading to a complete loss of the 

cathode|electrolyte capacitance. This comparison concludes that CO2 is the key contributor for 

the interface degradation of NMC622|LLZO under thermal annealing conditions in ambient air.  

These experimental results agree well with our thermodynamic predictions described above. The 

reaction between the cathode and the electrolyte was nonspontaneous (ΔGreaction > 0) for O2 and 

N2 environment, demonstrating that the interface should be stable in both gas conditions. The 

reaction was spontaneous at 300 °C (ΔGreaction < 0) and nonspontaneous at 700 °C (ΔGreaction >0) 

in humidified environment, which is consistent with the experimental findings that the adverse 

effect of humidity can be reversed at high temperature. Finally, the reaction was spontaneous 
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(ΔGreaction < 0) for pure CO2 at 300 °C to 700 °C, which is consistent with the major degradation 

found in CO2 environment. 

Our findings demonstrate the importance of controlling the gas environment during the sintering 

process to obtain good contact between the ceramic cathode and ceramic electrolyte in solid state 

batteries. Co-sintering the cathode and electrolyte in O2 environment gives chemically stable 

interface with low interfacial resistance.  

3.2. Experimental design and methods 

We prepared Al doped Li7La3Zr2O12 (LLZO) pellets in a two-step process. The first step was to 

make LLZO powder by solid-state reaction. We mixed the precursors (Li2CO3, La2O3, ZrO2, 

Al2O3) in a mortar for 30 minutes. Al:Li:La:Zr molar ratio in the mixture was 0.24:6.9:3:2. We 

used 10% excess Li to compensate for Li loss during the high temperature treatment. The 

mixture was sintered in an alumina crucible at 900 °C for 12 h in air. After the heat treatment, we 

grinded the product in a mortar for 30 min to make fine powder. The second step was to make 

pellets from the powder. We pressed the powder in a 10 mm diameter pressing die to make 

pellets. The pellets were sintered in a MgO crucible at 1160 °C for 15 h in air. We covered the 

pellets with LLZO powder during sintering to compensate for Li evaporation. We polished the 

sintered pellets using 600 grit, 800 grit, 1000 grit, 1200 grit paper in sequence. 

We prepared samples for XAS and XRD by depositing 100 nm thin dense NMC622 layers on 

top of polished LLZO pellets by RF sputtering at ambient temperature. Conditions for RF 

sputtering of NMC622 was same as discussed in section 2.2. This thickness allows for sensitivity 

to the buried interface while measuring the transition metal L-edge spectrum XAS.81 Annealing 

conditions were 300 °C, 500 °C, 700 °C for 4 h in different gas environments, including pure O2, 

pure N2, humidified O2 (2 wt% H2O in O2), and pure CO2 at 1 atm. We prepared the humidified 

O2 (2 wt% H2O in O2) environment by flowing O2 through a gas bubbler at room temperature. 

Temperature range used for annealing in this work includes crystallization temperatures for 

deposited layered oxide cathode thin films.42–45 

We prepared symmetric cells for EIS characterization by depositing 60 nm NMC622 on both 

sides of polished LLZO pellets, and with 60 nm Au on NMC622 for current collection. 

Annealing of the samples in the same conditions as described above were done prior to Au 
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deposition. Since these symmetric cells do not have an anode|electrolyte interface, the change in 

the EIS was only a result of changes at the cathode|electrolyte interfaces. We worked with a 

thicker NMC622 layer, 370 nm, with ¼" diameter, for electrochemical cycling experiment. After 

annealing the NMC622|LLZO at 500 °C for 4 h in O2, we deposited 200 nm Pt current collector 

on top of NMC622 film. We used a 5/16" diameter Li metal foil anode, pressed onto the polished 

LLZO pellet in the glovebox. Annealing condition for Li attachment was 160 °C, 30 min. 

Polishing, annealing and pressing lowers the LLZO|Li interfacial resistance and gives stable 

overpotential at the interface during cycling.11,22  

3.3. Thermodynamic calculations of interfacial degradation 

We used LiCoO2 for thermodynamic calculation of the Gibbs free energy to predict and interpret 

qualitatively the reactivity between LLZO and a layered oxide cathode. LCO is simpler than 

NMC622 in deducing the reaction pathways and products, but yet representative as a layered 

transition metal oxide. In our earlier work, we have found that LiCoO2|LLZO interface 

decomposes by forming Li deficient phases (LaCoO3, La2Zr2O7) and a Li-sink (Li2CO3) upon 

thermal annealing in air.37  Based on this finding, we propose that the following reactions 

between LiCoO2 and LLZO in different gas conditions include a Li-sink and Li-deficient phases: 

(a) Pure O2 environment:  

Li7La3Zr2O12 + LiCoO2 + 2O2 (g) → 4Li2O2 + LaCoO3 + La2Zr2O7  

 

(b) Inert environment:  

Li7La3Zr2O12 + LiCoO2 → 4Li2O + LaCoO3 + La2Zr2O7  

 

(c) Humidified environment:  

Li7La3Zr2O12 + LiCoO2 + 4H2O (g) → 8LiOH + LaCoO3 + La2Zr2O7 

 

(d) CO2 environment:  

Li7La3Zr2O12 + LiCoO2 + 4CO2 (g) → 4Li2CO3 + LaCoO3 + La2Zr2O7  

Then, we calculated the Gibbs free energy for each reaction with following approach. First, we 

obtained the formula for Cp(T) for each phase. We used data from NIST-JANAF 

Thermochemical Tables to obtain Cp(T) for Li2CO3, Li2O, Li2O2, LiOH, O2, CO2, and H2O.88 

Cp(T) for LLZO89 and LiCoO2
90 were given by respective former works. As for La2Zr2O7

91 and 

LaCoO3,
92 we fitted experimentally given Cp for discrete temperatures to the following function. 
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𝐶𝑝(𝑇) = 𝐴 + 𝐵𝑇 + 𝐶𝑇2 + 𝐷𝑇3 +
𝐸

𝑇2
 

Second, we calculated H°(T,1 bar) and S°(T,1 bar) for each phase by using standard formation 

enthalpy (Hf°(298.15 K, 1 bar)), standard entropy (S°(298.15 K, 1 bar)) and Cp(T). We used data 

from NIST-JANAF Thermochemical Tables to acquire standard formation enthalpy and standard 

entropy for Li2CO3, Li2O, Li2O2, LiOH, O2, CO2, and H2O.88 Standard formation enthalpy and 

standard entropy for LLZO,89 LiCoO2,
93 La2Zr2O7,

91 LaCoO3
92,94 are given from corresponding 

works. We haven’t considered terms for Cp(T) of elements when calculating H°(T,1bar) since 

they cancel out in the next step. 

𝐻°(𝑇, 1 𝑏𝑎𝑟) = 𝐻𝑓°(298.15 𝐾, 1𝑏 𝑎𝑟) + ∫ 𝐶𝑝(𝑇1)𝑑𝑇1

𝑇

298.15 𝐾

 

𝑆°(𝑇, 1 𝑏𝑎𝑟) = 𝑆°(298.15𝐾 , 1 𝑏𝑎𝑟) + ∫
𝐶𝑝(𝑇1)

𝑇1
𝑑𝑇1

𝑇

298.15 𝐾

 

Third, we calculated ΔH°(T,1 bar) and ΔS°(T,1 bar) for the proposed reaction by using H°(T,1 

bar) and S°(T,1 bar) found for each phase in the previous step. 

Finally, we calculated ΔG(T,Pgas) for the proposed reaction by using ΔH°(T,1 bar), ΔS°(T,1 bar) 

found in previous step and considering pressure dependence. Since |(
𝜕𝐺

𝜕𝑃
)

𝑇
| for the gas phase is 

much bigger than the solid or liquid phase, we only considered the pressure dependence of gas 

phase. 

ΔG(T, P) = ΔH°(𝑇, 1 𝑏𝑎𝑟) − 𝑇ΔS°(𝑇, 1 𝑏𝑎𝑟) + ∑ 𝑛𝑔𝑎𝑠𝑅𝑇 ln
𝑃𝑔𝑎𝑠

𝑃°
 

P°=1 bar 

Figure 10 shows the Gibbs free energy, ΔG(T,Pgas) (in units of kJ/mol of LLZO), of these 

reactions for each gas environment. The pressure and temperature ranges for these calculations 

are 10-5 bar to 1.01325 bar (1 atm), and 300 °C to 700 °C respectively.  
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Figure 10. The Gibbs free energy, ΔG(T,Pgas)  (kJ/mol of LLZO) calculated between LLZO and fully 

lithiated LiCoO2 in (a) Li7La3Zr2O12 + LiCoO2 + 2O2(g) → 4Li2O2 + LaCoO3 + La2Zr2O7, (b) 

Li7La3Zr2O12 + LiCoO2 → 4Li2O + LaCoO3 + La2Zr2O7, (c) Li7La3Zr2O12 + LiCoO2 + 4H2O(g) → 

8LiOH + LaCoO3 + La2Zr2O7, (d) Li7La3Zr2O12 + LiCoO2 + 4CO2(g) → 4Li2CO3 + LaCoO3 + 

La2Zr2O7 

The calculated reaction energies ΔG(T,Pgas) indicate stable cathode|electrolyte interface when the 

sample is annealed in O2 and in inert environment. Reactions in those two gas environments 

were always nonspontaneous in the temperature and pressure ranges in Figure 10 (a) and Figure 

10 (b). In contrast, ΔG(T,Pgas) for the reaction including H2O(g) was negative (spontaneous) 

below 449°C and positive (nonspontaneous) over 449 °C for humidified O2 (2 wt% H2O in O2) 

(Figure 10 (c)). CO2 was the most detrimental gas environment. ΔG(T,Pgas) for CO2 environment 
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was the most negative when compared to ΔG(T,Pgas) values for other environments at same 

pressure and temperature conditions (Figure 10 (d)). Moreover, ΔG was always negative for 

1atm CO2 at 300 °C to 700 °C. Therefore, these thermodynamic calculations predict interfacial 

degradation upon annealing in CO2 environment. 

3.4. Oxidation state and local chemical environment analyzed by soft X-ray 

absorption spectroscopy 

We investigated O K-edge, Ni L2,3-edge, La M4,5-edge, Co L2,3-edge of the NMC622|LLZO 

samples annealed in different gas environments. Figure 11 shows O K-edge spectra. for The pre-

edge feature (528-532 eV) corresponds to electronic transition from the oxygen 1s orbital to the 

oxygen 2p orbital that is hybridized with the transition metal 3d orbitals.46 Neither LLZO nor 

Li2CO3 has features in this energy range.32,37,47 Therefore, any change in this  O K pre-edge 

feature is only dependent on the change of the oxygen-transition metal bonds in the system. 

Broad features around 542 eV correspond to electronic transition to hybridized states between 

oxygen p orbitals and transition metal 4s, 4p orbitals. 46 
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Figure 11 O K-edge X-ray Absorption Spectra measured by partial fluorescence yield (PFY) mode for 

100 nm NMC622|LLZO. Spectra for the as-deposited sample and the samples annealed in (a) O2, (b) 

N2, (c) 2 wt% H2O in O2, (d) CO2 at 300-700  oC for 4 h are shown.  

 

The intensity of the pre-edge feature increased up to 500 °C and decreased at 700 °C for samples 

annealed in O2 (Figure 11 (a)). The pre-edge intensity growth originates from the increase of 

coordination number of transition metals with oxygen due to oxidation of the sample. Decrease 

of the pre-edge feature at 700 °C shows that there exists some degree of chemical evolution even 

in O2 environment, but it is not as severe as other gas environment (N2, humidified O2, CO2) as 

seen in Figure 11 (b)-(d). 

The pre-edge feature intensity decreased as annealing temperature increased for samples 

annealed in N2 (Figure 11 (b)). Especially, the intensity of the pre-edge feature at 700 °C 
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dropped considerably compared to the as-deposited sample. The trend originates from the 

decrease of coordination number of transition metals with oxygen due to oxygen loss in N2 

environment. The result matches well with works by Guo et al.,95 and Zhong et al.96 on oxides 

with transition metal-oxygen bonds. O K pre-edge intensity decreased as the number of oxygen 

vacancies increased in both studies.95,96 

Pre-edge intensity for the sample annealed in humidified O2 was highest at 500 °C. Data from 

the sample annealed at 500 °C stood out since pre-edge intensity for the other temperature 

conditions in humidified O2 decreased as annealing temperature increased. Moreover, post-edge 

features around 542 eV were much broader than the spectra obtained from other temperature 

conditions.  

Hydration of NMC622 at 500 °C explains findings from the O K-edge analysis. Hydration of 

LiNiO2, which has the same crystal structure as NMC622, happens by Li+/H+ substitution.97,98 

Moshtev et al., suggested that γ-NiOOH, which is isostructural to LiNiO2, forms by Li+/H+ 

substitution in LiNiO2.
99 Pritzl et al.,100 and Jeong et al.101 also claimed phase transformation 

from layered oxide to M-OOH(M:Ni,Co) like structure by hydration. Especially, Jeong et al., 

observed  formation of CoOOH at the surface of hydrated LiCoO2 with XPS.101 

γ-NiOOH O K-edge EELS spectra had a stronger pre-edge feature and a broader post-edge 

feature compared to LiNiO2,
102 which agrees with our finding (Figure 11(c)). In our case, 

hydration led to the formation of γ-NiOOH local chemical environment, rather than full 

transformation to crystallized γ-NiOOH phase since the corresponding peaks could not be seen 

from XRD data. Since XAS depends on local chemical environment, this is sufficient for 

identifying the identity of the compound from the XAS spectra in Figure 11 (c).  

Pre-edge intensity decreased as annealing temperature increased for samples annealed in CO2 

(Figure 11 (d)). Notably, the pre-edge feature for NMC622 completely disappeared at 700 °C. O 

K-edge spectral shape matched well with Li2CO3.
103 Since the typical detection depth of PFY is 

~100 nm,41 more than 100 nm Li2CO3 has grown on the surface during annealing.  

Figure 12 shows XAS spectra for La M4,5-edge and Ni L2,3-edge. We normalized data by La M5-

edge to compare the magnitude of Ni L2,3-edge for each sample as we assume La oxidation state 

does not change. L-edge originates from 2p to 3d electronic transition,104 so the intensity of the 
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Ni L-edge depends on both quantity of Ni in the detection regime and number of holes in 3d 

orbitals. Therefore, Figure 12 gives not only the elemental ratio of Ni/La within the detection 

depth, but also the electronic configuration in each Ni 3d orbitals. 

 

Figure 12 La M5, La M4, Ni L3, Ni L2 X-ray Absorption Spectra measured by partial fluorescence 

yield (PFY) mode for 100 nm NMC622|LLZO samples. Spectra for as deposited sample and sample 

annealed in (a) O2, (b) N2, (c) 2 wt% H2O in O2, (d) CO2 for 4 h are shown. Intensities of peaks were 

normalized by La M5 edge. 

 

Ni L-edge intensity decreased up to 500 °C for samples annealed in O2, likely due to migration 

of Ni through NMC622|LLZO interface (Figure 12 (a)). Interestingly, Ni L-edge intensity 

increased at 700 °C. The behavior could originate from the increase of number of Ni-O bonds 

due to annealing in O2 environment. This can be due to both increased oxidation state and 



54 
 

increased crystalline order, along with changes in electronic structure, compared to the films that 

were sputter-deposited at room temperature. This led to more electrons transferred from Ni 3d 

orbitals to O 2p orbitals, causing increase of L-edge intensity105.  

 

Ni L-edge intensity decreased as annealing temperature increased for samples annealed in N2 

(Figure 12 (b)). Notably, Ni L-edge intensity decreased steeply at 700 °C because of oxygen 

loss, as the sample was annealed in reducing environment. Oxygen loss led to more electrons 

localized in Ni 3d orbitals, and decrease of L-edge intensity. If the behavior at 700 °C was due to 

Ni migration, evidences for secondary phase formation from Co L-edge XAS or XRD should 

also be seen considering our former study on NMC622|LLZO interfacial degradation.81 

However, those indicators were not found. 

Ni L-edge intensity decreased as annealing temperature increased in humidified O2, except the 

sample annealed at 500 °C (Figure 12 (c)). Formation of γ-NiOOH like local environment 

explains high L-edge intensity found at 500 °C, which we noted during O K-edge analysis. 

Oxidation state of Ni in γ-NiOOH is 3.48~3.68.106 Therefore, it explains increase of Ni L-edge 

intensity due to increase of number of holes in 3d orbital. 

Moreover, Ni got reduced at 700 °C in humidified O2 (Figure 13). The low energy shoulder of 

the Ni L2 edge grew and the peak shifted toward lower energy at 700 °C, which indicated 

reduction.50,52,107 This comes from dehydration of the sample at 700 °C after hydration during 

temperature ramp up. Similar to NiOOH which decomposes to NiO, O2, H2O at high 

temperature,97,108 dehydration of hydrated NMC622 would also leave reduced phases. 
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Figure 13 Ni L2 X-ray Absorption Spectra measured by partial fluorescence yield mode for 100 nm 

NMC622|LLZO samples. Spectra for as deposited sample and sample annealed in humidified O2 (2 

wt% H2O in O2)  for 4 h are shown. Intensities of peaks were normalized to 1. 

 

Ni L2-edge shape for samples annealed in CO2 at 500 °C and 700 °C corresponded to Ni2+ 

(Figure 12 (d)).109,110 This is the decisive proof for secondary phase formation as NMC622 

cannot consist of 100% Ni2+ regardless of Li concentration.  

Figure 14 shows Co L-edge spectra. We normalized signals by the height of the Co L3 edge. 

Annealing in pure O2 did not cause oxidation state change of Co, as seen by the constant peak 

position of the L3 and L2 edges. Moreover, shoulder features of L3 and L2 got gradually sharper 

as annealing temperature increased, which indicates better ordering in the film with crystallinity 

improvement. Although we cannot easily resolve this from XRD, it is reasonable to expect an 

increased crystalline order in the NMC622 films with increasing temperature. Therefore, this 

result indicates that O2 environment is the ideal sintering environment, as Co remains chemically 

stable during sintering, along with improved crystallinity of the NMC622 film. 
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Figure 14 Co L3, Co L2 X-ray Absorption Spectra measured by partial fluorescence yield (PFY) mode 

for 100 nm NMC622|LLZO samples. Spectra for as deposited sample and sample annealed in (a) O2, 

(b) N2, (c) 2 wt% H2O in O2, (d) CO2 for 4 h are shown. Intensities of peaks were normalized by Co L3 

edge. 

 

Co was reduced after annealing in N2, as seen by Co L-edge shift toward lower energy (Figure 

14 (b)). Co was also reduced at 700 °C in humidified O2 (Figure 14 (c)). Co L3/L2 intensity ratio 

increased at 700 °C, which indicated reduction of Co.49 Reduction in N2 environment came from 

oxygen loss, and reduction in humidified O2 environment came from dehydration of the sample. 

Annealing in CO2 resulted in severe reduction of samples at 500 °C and 700 °C (Figure 14 (d)). 

The shape of both spectra matched with octahedrally coordinated Co2+,111,112 which was clearly 

different from spectral shape for Co3+
 (Low Spin). This is a major evidence for phase 

decomposition since Co with +2 oxidation state does not exist in NMC622. 



57 
 

3.5. Structural characterization of the interface by X-ray Diffraction 

We performed XRD characterization to investigate whether crystalline secondary phases formed 

after annealing in each gas environment. Figure 15 (a)-(d) shows 1D XRD plots obtained using 

Co anode. 

Secondary phases did not form after annealing in O2 (Figure 15 (a)) and N2 (Figure 15 (b)). We 

observed peaks for LLZO (ICDD:01-084-6181), and small Li2CO3 (ICDD: 00-022-1141) peaks 

from all samples. Li2CO3 formed due to air exposure during sample transfer and XRD 

characterization. In order to identify the upper limit of temperature that gives rise to a chemically 

stable interface in pure O2, we annealed the NMC622|LLZO sample in O2 at 900 °C. La2O3 

(ICDD: 00-005-0602) and La2Zr2O7 (ICDD: 01-070-5602) formed at 900 °C (Figure 16). Thus 

we can conclude that the annealing temperature should be lower than 900 °C in O2 to avoid 

formation of secondary phases. 

Intensity for Li2CO3 peaks were higher from samples annealed in humidified O2 compared to O2 

and N2 treated samples (Figure 15 (c)). LiOH(s) could have formed during hydration of LLZO, 

which formed Li2CO3 during sample transport to the XRD by reacting with CO2(g) in air. Both 

of the reactions are thermodynamically favorable at 25 °C.22 In addition, La2Zr2O7 (ICDD: 01-

070-5602) formed at 700 °C, potentially due to Li loss via LiOH(s) formation during annealing. 

As for the CO2 treated sample (Figure 15 (d)), Li2CO3 formed at 300 °C, Li2CO3, La2O2CO3, 

NiCO3, CoCO3 formed at 500 °C, and Li2CO3, La2O2CO3, NiCO3, CoCO3, La2NiO4, La2CoO4, 

La2Zr2O7 formed at 700 °C.  

Formation of NiCO3, CoCO3, La2NiO4, La2CoO4 is consistent with XAS analysis as they contain 

Ni2+ and Co2+. XRD peak positions for samples annealed at 500 °C and 700 °C matched with 

NiCO3 (ICDD:04-002-6999) (29.5° (40.5%), 38.6° (100%)) and CoCO3 (ICDD: 00-011-0692) 

(29.2° (40.0%), 38.1° (100%)). As for the sample annealed at 700 °C, we also assigned peaks for 

La2NiO4 (ICDD:04-014-8282) (28.0° (30.2%), 36.6° (100%), 51.2° (31.4%), 55.2° (32.1%)) and 

La2CoO4 (ICDD: 04-013-8633) (27.9° (28.1%), 36.7° (100%), 51.3° (32.6%), 54.9° (32.9%)). 
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Figure 15 1D XRD plots for 100nm NMC622|LLZO samples. Plots for as deposited sample and 

samples annealed in (a) O2, in (a) O2, (b) N2, (c) 2 wt% H2O in O2, (d) CO2 for 4 h are shown. 



59 
 

 

Figure 16 1D XRD plots for 100 nm NMC622|LLZO samples. Plots for as deposited sample and 

sample annealed in O2 at 900 °C for 4 h are shown. 

 

La containing secondary phases without any transition metals formed as well. La2O2CO3 

(ICDD:00-037-0804) formed at 500 °C and 700 °C as seen by peaks at 35.4° (100%), 52.0° 

(75%), which are two strongest peaks of the phase. La2Zr2O7 (ICDD: 01-070-5602) formed at 

700 °C, showing clear XRD peaks at 33.3° (100%), 38.7° (29.9%), 55.9° (44.3%), and 66.7° 

(36.9%).  

Figure 17 summarizes the experimental findings from XAS and XRD analysis on chemical 

stability of NMC622|LLZO interface as a function of gas and temperature environment. Findings 

from annealing in air is from our previous paper, which we show here for comparison. Red boxes 

indicate secondary phases formed in each experimental condition. In the case of humidified O2 

environment, LiOH that formed during annealing further degrades into Li2CO3 when the sample 

was exposed to air after the gas exposure experiment. 
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Figure 17 Reaction products at NMC622|LLZO interfaces at different temperatures in each gas 

environment as deduced by XAS and XRD analysis in this work. Reaction product for annealing in air 

is from our previous work 81 and shown here for comparison. 
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3.6. Implication of heat treatment in each gas environment on interfacial resistance 

We performed electrochemical impedance spectroscopy (EIS) on symmetric cells, 

Au|NMC622|LLZO|NMC622|Au, to evaluate the effect of annealing in each gas environment on 

cathode|electrolyte interfacial resistance. We repeated each experiment twice, and obtained the 

same trend. All EIS experiments were done at room temperature. 

We used a circuit model consisting of (RbulkCbulk)(Rinterface1CPEinterface1)(CPEtail)(L) to analyze the 

impedance spectra from the as deposited sample (Figure 18) and the samples annealed in O2 

(Figure 19), N2 (Figure 20), humidified O2 (Figure 21). We used different impedance ranges on 

the x-axes and y-axes for the figures to clearly show the semicircle corresponding to 

cathode|electrolyte interfacial resistance in all figures. Figures plotted with same x-axes and y-

axes ranges are in Supporting Information (Figure S2-S6). 

(RbulkCbulk) circuit element corresponds to capacitance of bulk LLZO pellet, and it appeared as a 

high frequency semicircle found at 2 MHz in all samples. Cbulk from samples were in the range 

of 20 pF to 60 pF. Considering the geometry of the sample, relative permittivity was in the range 

of 30-100, which consistent with former EIS studies on LLZO pellets,68,69 and our former work 

with the same sample design.81 Inductance (L) originates from wiring of the experimental setup. 

CPEtail describes behaviors of blocking electrodes at low frequency. These two circuit elements 

were used in previous EIS study on LLZO pellets,68,69 and our own previous work on symmetric 

cells with same structure.81 (Rinterface1CPEinterface1) originates from capacitance at the 

cathode|electrolyte interface. Semicircles corresponding to this circuit element appeared at 4kHz, 

which are consistent with our former works on similarly constructed symmetric cells 

(Au|LiCoO2|LLZO|LiCoO2|Au37, Au|NMC622|LLZO|NMC622|Au81). CPEinterface1 for the as-

deposited sample and the samples annealed in O2, N2, humidified O2 were ~10-7 F, which agrees 

with former findings from our group37 and reported values for electrode|electrolyte interface.113 
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Figure 18 Electrochemical Impedance Spectroscopy plot for Au|NMC622|LLZO|NMC622|Au 

symmetric cells with as deposited condition. (5 MHz-31.5 Hz): Rinterface1/2=1.52 kΩ·cm2 Frequency 

range for the data with impedance less than 10 kΩ·cm2 has been plotted. 

 

Figure 19 Electrochemical Impedance Spectroscopy plot for Au|NMC622|LLZO|NMC622|Au 

symmetric cells annealed in O2 for 4 h. Frequency range for the data with impedance less than 10 kΩ·cm2 

has been plotted. (a) Annealed at 300 °C (5 MHz-19.9 Hz): Rinterface1/2=1.36 kΩ·cm2, (b) 500 °C (3.97 

MHz-3.15 Hz): Rinterface1/2=0.29 kΩ·cm2, (c) 700 °C (5 MHz-19.9 Hz): Rinterface1/2=0.13 kΩ·cm2 
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Figure 20 Electrochemical Impedance Spectroscopy plot for Au|NMC622|LLZO|NMC622|Au 

symmetric cells annealed in N2 for 4 h. Frequency range for the data with impedance less than 20 kΩ·cm2 

has been plotted. (a) Annealed at 300 °C (5 MHz-6.29 Hz): Rinterface1/2=3.34 kΩ·cm2, (b) 500 °C (3.97 

MHz-6.29 Hz): Rinterface1/2=6.04 kΩ·cm2, (c) 700 °C (3.97 MHz-2.51 Hz): Rinterface1/2=0.41 kΩ·cm2 

 

Figure 21 Electrochemical Impedance Spectroscopy plot for Au|NMC622|LLZO|NMC622|Au 

symmetric cells annealed in humidified O2  (2 wt% H2O in O2) for 4 h. Frequency range for the data 

with impedance less than 20 kΩ·cm2 has been plotted. (a) Annealed at 300 °C (5 MHz-15.8 Hz): 

Rinterface1/2=0.58 kΩ·cm2, (b) 500 °C (3.97 MHz-50 Hz): Rinterface1/2=5.65 kΩ·cm2, (c) 700 °C (3.97 MHz-

50 Hz): Rinterface1/2=0.35 kΩ·cm2 

 

EIS for samples annealed in CO2 was drastically different from other gas conditions (Figure 22). 

Three arcs are present in the spectrum from the sample annealed at 300 °C, so we have used two 

RC elements for the interface, (RbulkCbulk)(Rinterface1CPEinterface1)(Rinterface2CPEinterface2)(CPEtail)(L), 
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for analysis. The second RC element that appear in the spectrum is likely due to formation of 

secondary phases as a result of interface reactions and degradation at 300 °C. In our previous 

study on NMC622|LLZO thermal degradation in air, such an additional arc appeared also from 

samples with interfacial degradation.81 Total nominal resistance at the interface 

((Rinterface1+Rinterface2)/2) equaled 9.01 kΩ·cm2. 

The arc for the cathode|electrolyte interfacial charge transfer capacitance did not appear from the 

sample annealed at 500 °C. This is consistent with the finding that the NMC622 cathode 

degraded into secondary phases containing Ni2+ and Co2+ as indicated by XAS (Figure 12 (d), 

Figure 14 (d)) and XRD results (Figure 15 (d)), so the interfacial charge transfer capacitance was 

lost. At 700 °C, the sample became both ionic and electronic insulator. Data points for the high 

frequency range followed an RC element behavior with a very high resistance, but quantification 

was not possible due to noise in data for the low frequency range. Noisy data originate from low 

current used for data acquisition, which was due to high resistance. High resistance originates 

from formation of insulating secondary phases at 700 °C, which we have discussed above as part 

of the XRD analysis (Figure 15 (d)). Intensities of XRD peaks from the LLZO phase were much 

weaker than those at other conditions, so significant amount of electrolyte phase decomposition 

also took place, consistent with the disappearance of the bulk Li-ion conduction arc in EIS. 

 

Figure 22 Electrochemical Impedance Spectroscopy plot for Au|NMC622|LLZO|NMC622|Au 

symmetric cells. Frequency range for the data with impedance less than 25 kΩ·cm2 has been plotted. 

(a) Annealed at 300 °C (3.97 MHz-1.58 Hz): (Rinterface1+ Rinterface2)/2=9.01 kΩ·cm2, (b) 500 °C (3.97 

MHz-0.63 kHz), (c) 700 °C (5 MHz-199 kHz) in CO2 for 4 h. 
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Figure 23 shows Area Specific Resistance (ASR) arising from the interface component of EIS, 

for the as deposited sample and the samples annealed in O2, N2, humidified O2, CO2, and air. 

ASR data for samples annealed in air are from our previous work.81 We plotted the data here to 

compare the trend. We calculated ASR for a single cathode|electrolyte interface by 

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒1

2
× 𝐴𝑟𝑒𝑎 for the as-deposited sample and the samples annealed in O2, N2, humidified 

O2, air, and by 
𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒1+𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒2

2
× 𝐴𝑟𝑒𝑎 for the sample annealed in CO2. Division by 2 was 

due to the symmetric cell design, which had two equivalent NMC622|LLZO interfaces. 

 

Figure 23 Area Specific Resistance (ASR) corresponding to single NMC622|LLZO interface. Data 

obtained from the as deposited sample and the samples annealed in O2, N2, humidified O2 (2 wt% H2O 

in O2), CO2, air for 4 h are shown. Data for samples annealed in air is from our previous work,81 and 

plotted here for comparison. 

 

ASR gradually decreased with increase in the annealing temperature the NMC622|LLZO 

annealed in pure O2 environment. This confirmed that pure O2 is the most promising condition 

for sintering the NMC622 and LLZO interface, since it decreased the ASR without any 

interfacial degradation up to 700oC. 

In contrast, ASR for samples annealed in N2 increased up to 500 °C and decreased at 700 °C. 

ASR increase up to 500 °C came from interfacial degradation due to oxygen loss. ASR decrease 

at 700 °C was likely due to expedited sintering114 in the presence of oxygen vacancies as seen by 

XAS in in NMC622. This led to improved bonding between NMC622 and LLZO. 
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ASR for samples annealed in humidified O2 increased at 500 °C and decreased at 700 °C. This is 

because of hydration at 500 °C and dehydration at 700 °C, which we identified by XAS. Li+/H+ 

substitution during hydration leads to a contraction of the O-Li-O layer thickness in the layered 

oxide structure, and this increases the activation energy for Li diffusion.97 This explains the ASR 

increase at 500 °C. Dehydration at 700 °C restored the Li+ transport pathway and led to ASR 

decrease. We believe the ASR decrease at 300 °C could arise from cold sintering in presence of 

humidity. Cold sintering uses a transient aqueous environment, the material surface dissolves 

into introduced H2O, and the dissolution diffuses into pores and precipitates the solid phase.115 It 

is considered a mediated dissolution-precipitation process, effectively decreases the volume of 

pores and enables sintering of particles. Therefore, the presence of controlled humidity in our 

experiments may have enabled further densification and sintering of the cathode layer and the 

cathode-electrolyte interface at low temperatures. While a lot yet has to be resolved about the 

mass transport at liquid-solid interfaces involved in cold sintering, this process can create a new 

opportunity to sinter ceramic electrolyte and cathode layers without thermally-driven reactions at 

the interface. Cold sintering on solid electrolyte116 and cathode material117 were shown to 

improve densification even at relatively low temperature (<300 °C). This can lead to a decreased 

ASR in our system as well. 

Interfacial resistance increased steeply after annealing in CO2. Notably, interfacial resistance 

became too high to measure when the annealing temperature was 500 °C and 700 °C. This fits 

with severe degradation at those temperatures demonstrated by XAS and XRD results. None of 

the phases in XRD characterization observed have known Li conductivity. Thus we conclude 

CO2 environment is the most detrimental phase for sintering, leading to formation of insulating 

secondary phases. 

While pure CO2 is a lot more aggressive than the ppm-levels of CO2 in air, the steep increase of 

interfacial resistance along with the formation of delithiated phases and Li2CO3 are consistent 

with our previous findings from annealing the NMC|LLZO in air.81 After annealing at 700 °C in 

air, La(Ni,Co)O3, La2Zr2O7, Li2CO3 formed and interfacial resistance at NMC622|LLZO 

interface increased by two orders of magnitude compared to as deposited state. While here in 

pure CO2 we find more extensive, a wider range of degradation products, similarities of reaction 
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pathway and interfacial resistance increase indicate that CO2 was the key contributor of the 

interfacial degradation in air. 

Lastly, we can also see variations of the bulk resistance of LLZO in Figures 9-11. This likely 

originates from the conductivity variation of LLZO pellets themselves, and are not related to 

annealing at different conditions. Conductivities of LLZO pellets differ in literature by two 

orders of magnitude even if they were prepared by nominally the same experimental procedure.68 

This can result in the different resistances of bulk LLZO in Figure 18-11. It is also possible that 

the LLZO bulk conductivity can vary by doping as a result of transition metal migration from 

NMC622 into LLZO during thermal treatment. However, doping of Ni and Co into LLZO 

decreases bulk ionic conductivity of LLZO.118 This does not explain the EIS data in Figure 19 

and Figure 20, in which the bulk resistance of LLZO for samples annealed at higher temperatures 

(potentially more diffusion of Ni and Co into LLZO) is lower than the samples annealed at lower 

temperatures. Therefore, potential doping of LLZO from NMC622 during annealing is not the 

dominant reason for the variations in bulk resistance of LLZO in the annealing experiments. 

3.7. Cycling properties of the NMC622|LLZO annealed in pure O2 

We have electrochemically cycled the sample that was annealed at 500 °C in pure O2. The 

NMC622|LLZO interface was chemically stable without secondary phase formation in this 

thermal condition as seen by the XAS and XRD results explained above. Interfacial charge 

transfer resistance at this condition was also lower than in the as-deposited sample, indicating 

improved interface sintering. 

Figure 24 shows charge-discharge cycles for the Pt|NMC622|LLZO|Li cell. 1st charge capacity 

was 117 mAh/g, and 1st discharge capacity was 77 mAh/g, both comparable to an earlier report 

on NMC622|LLZO all solid battery with a Li3BO3 interlayer87.  Irreversible capacity loss 

happened during the 1st cycle, as capacity for the 2nd charge dropped sharply to 61 mAh/g. Both 

the charge capacity and discharge capacity decreased gradually from 2nd to 10th cycle. 
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Figure 24 Charge and discharge cycles for the Pt|NMC622|LLZO|Li cell. 0.5 C current was used for 

cycling at 80 °C 

We performed differential capacity analysis to identify the voltages at which electrochemical 

reactions happen. Figure 25 shows differential capacity curves for the 1st, 2nd and 10th cycles. 

Three distinguishable peaks appeared in the differential capacity curve for  the 1st charge at 3.7 

V, 3.85 V and 4.2 V. These correspond to the H1 (Hexagonal)→M (Monoclinic), M 

(Monoclinic) → H2 (Hexagonal), and H2 (Hexagonal)→H3 (Hexagonal) transitions of the 

NMC622 cathode, respectively.119,120  

Only the features for H1→M and M→H1 transitions appeared for all charge-discharge cycles. 

Moreover, peaks for H1→M and M→H1 transitions shifted gradually with increasing cycle 

number, indicating an overpotential increase. Zhang et al. also observed peak shift during cycling 

of solid batteries based on Li10GeP2S12, and attributed the phenomena to degradation at 

LiCoO2|Li10GeP2S12 interface.121 

We attribute the sharp decrease in capacity and the increase in interfacial resistance after the first 

cycle to both electrochemical and mechanical instability at the NMC622|LLZO interface. 

Oxidation limit of LLZO according to DFT calculations is 2.91 V vs Li/Li+.9 Secondary phase 

formation due to chemical reaction could have decreased capacity, similar to the case of solid 

state batteries with sulfide electrolyte (Li10GeP2S12).
122 In addition, loss of contact between 

NMC622 and LLZO originating from cracks and delamination at the NMC622|LLZO interface 

could have also decreased capacity. Crack formation and delamination at the cathode|electrolyte 

interface and interfacial resistance increase after initial cycling were also found in other studies 

on NMC622|LLZO solid state batteries with interface coatings87,123 and on NMC811|Li10SnP2S12 

solid state batteries.124 
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As the electrochemical performance of our best cell with the thin film cathode design, and the 

cells with composite cathodes made of LLZO and layered oxide cathode particles from 

literature87,123 are consistent with each other, we can justify the usage of our cell as a model 

system to understand the thermally-induced interfacial degradation in NMC622|LLZO cells.  

 

Figure 25 Differential capacity as a result of cycling the Pt|NMC622|LLZO|Li cell with 10 cycles. The 

1st, 2nd and 10th cycles are shown. 0.5 C current was used for cycling at 80°C. 

3.8. Discussion 

We were able to isolate the potential contributions to degradation when LLZO and a layered 

transition metal oxide is co-sintered in air, by using gas components from air as pure gases in the 

annealing environment, specifically O2, N2, CO2, and humidified O2. As seen from the chemical, 

structural and electrochemical data presented above, pure O2 environment was ideal during 

annealing the NMC622|LLZO interface up to 700 oC, giving rise to a chemically stable interface 

with lower resistance. Secondary phases did not form after annealing in N2, either, so it can be 

considered as an alternative potentially less expensive choice compared to pure O2. In contrast, 

annealing in humidified environment and CO2 environment led to the formation of secondary 

phases. Detrimental effect of CO2 on interfacial degradation was the most severe. These 

experimental results of relative stability in different gas conditions are consistent with our Gibbs 

free energy analysis of reactions between the layered transition metal oxide cathode material and 

LLZO electrolyte.  

1st charge capacity of the Pt|NMC622|LLZO|Li cell was 117 mAh/g and 1st discharge capacity 

was 77 mAhg/g for the cell prepared by annealing the NMC622|LLZO interface at 500 °C in 
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pure O2. In addition, the cell was cyclable for at least 10 more cycles afterwards. Voltages for 

both the lithiation and delithiation of the cathode of this cell are consistent with layered oxide 

cathodes in the form of powders.119,120 This indicates that annealing NMC622|LLZO in O2 

produces cathode-electrolyte interfaces with the appropriate and relevant electrochemical 

properties. In addition, it justifies that our chemical and structural results obtained on such thin 

film cathode|LLZO model system are applicable to solid state batteries.  

Sintering in O2 would cost more, in terms of both energy and materials, compared to sintering in 

air due to the production of O2, but this increase would be very small compared to the total 

energy consumption for the solid-state cell preparation. Based on calculations of Troy et al. on 

energy demand for manufacturing Al|LiCoO2|LLZO|Li|Cu pouch cell,125 we estimate co-

sintering in O2 environment will increase the total energy demand for manufacturing by only a 

mere 0.0027% (see Method section for details). In addition, given the relatively low cost of O2 

($40 per ton),126 we expect the increase in material and supply cost for sintering in O2 

environment would be negligible. Moreover, O2 is already being used to synthesize layered 

oxide cathodes such as Lithium Manganese Rich Lithium Nickel Manganese Cobalt Oxide 

cathodes (LMR-NMC).127 However, the more complicated system to keep operations safe in 

pure O2 and to minimize O2 loss can add to the cost of this approach. N2 environment can be a 

more cost-effective alternative to pure O2 environment. No secondary phases were detectable by 

XAS and XRD in NMC622|LLZO. In N2, however, oxygen loss from NMC622 takes place at 

700 °C according to XAS. Nevertheless, oxygen loss did not cause degradation of the cathode 

phase or its interface. Interfacial resistance decreased at 700 °C, and this is attributed to better 

sintering in the presence of oxygen vacancies.  

In humidified O2 environment, degradation driven by hydration took place at 500 °C and 

recovery due to dehydration at 700 °C. A γ-NiOOH-like local environment formed at 500 °C, 

which we justified by XAS and attributed to Li+/H+ exchange in the cathode by hydration. 

Annealing at 700 °C reversed the detrimental effect of humidity by dehydration. Therefore, heat 

treatment at sufficiently high temperature could restore the sample even after hydration. This 

finding is consistent with former studies on Li containing ceramics which are prone to Li+/H+ 

exchange in humidified environment. Protonated LLZO loses mass around 450 °C to 500 °C due 
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to deprotonation in a form of H2O evolution.128–130 Deprotonation of Li1-xHxNiO2 was also found 

at 200 °C to 220 °C and 300 °C to 320 °C by thermogravimetric analysis.97 

CO2 environment was the most detrimental to the NMC622|LLZO interface, leading to the 

formation of secondary phases at 500 °C and 700 °C. The presence of Li2CO3 and La2Zr2O7 as a 

result of annealing in CO2 matched with our previous findings in NMC622|LLZO when annealed 

in air.81 Peak intensities of LLZO from the sample annealed at 700 °C was very low, indicating 

most of LLZO within the detection depth had degraded into secondary phases. In addition, 

carbonated species (La2O2CO3, NiCO3, CoCO3) and reduced species (La2NiO4, La2CoO4) were 

also found when the sample was annealed in CO2. This severe degradation originates from 

higher 𝑃𝐶𝑂2
 and lower 𝑃𝑂2

 in pure CO2 compared to air. These found secondary phases are not 

Li-ion conductors. Li2CO3 has limited Li-ion conductivity (10-3 mS/cm) at room temperature, 

much lower compared to that in LLZO.72 La2Zr2O7 and Ruddelsden-popper phases are also not 

Li-ion conductors.25,70 We do not expect carbonated species (La2O2CO3, NiCO3, CoCO3) to have 

good Li-ion conductivities since they do not have Li in their lattice nor cation vacancy channel 

for Lithium ion transport. As a result, these insulating secondary phases block Li transfer at the 

interface, resulting in the very high resistances found by EIS (Figure 22). 

These findings justify our claim that Li2CO3 formation by reaction with ambient CO2 is the 

deciding factor for the thermal interfacial degradation when the cathode(NMC622, LCO)-LLZO 

interface is sintered in air.37,81 This experimental finding is in accordance with the Gibbs free 

energy analysis, which predicted spontaneous reaction between cathode and electrolyte even 

with partial pressure of CO2 in air (4.12×10-4 atm for 412 ppm concentration131) at 300 °C to 

700 °C (Figure 10). 

The degradation reactions nucleate at the interface between the ceramic cathode and the ceramic 

electrolyte. In order to be sensitive to this process initiating at the interface, we have used thin 

film (≤100 nm) cathode layers, so that we could capture the onset of the reactions even if only a 

small volume is affected. Because we are working with thin cathode layers, once the interface 

reactions nucleate and propagate, it looks as if we are transforming the bulk of the cathode layer, 

but this is because we are working with thin films. This is different from conventional cell design 

in which cathode particles with diameter larger than 1 μm are used.84 For example in our prior 

work with LCO|LLZO, we have shown that 5-20 nm thickness from the interface is affected by 
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these reactions at 300 °C, and about 100 nm at 500 °C.37 Given the small volume and the 

disordered nature of these reacted interface zones, it is impossible to capture them with powder 

XRD at their onset conditions. Our approach combining thin-films with spectroscopy targets 

that, and captures the chemical and structural changes nucleating at the interface and propagating 

from the interface after they onset. This process indeed relates to the cathode-electrolyte 

interface reactions if powder cathode particles were used on an LLZO, but this does not 

necessarily mean the entire bulk of the cathode particles would have reacted in that more 

conventional geometry. 

As a result, pure O2 gas condition was ideal, with good interface stability and decrease of 

interface resistance up to 700 °C. NMC622|LLZO annealed at 700 °C in O2 had the lowest Area 

Specific Resistance (ASR), 130 Ω∙cm2. This value is comparable to the lowest ASRs obtained at 

LiCoO2|LLZO interfaces with coated interlayers132; for example 230 Ω∙cm2 with Li3BO3 

interlayer83, 101 Ω∙cm2 with Li2CO3 + Li2.3C0.7B0.3O3 interlayer84, 150 Ω∙cm2 with Nb 

interlayer85, and 53.5 Ω∙cm2 with Nb2O5 interlayer86. In this work, by removing CO2 from the gas 

environment during sintering, we succeeded in obtaining comparably low ASRs but without the 

need for an interlayer. This is an advantage, because the introduction of the interlayer coatings 

into the battery cell also introduce additional, elaborate and costly thin-film processing steps in 

the fabrication of the battery. In order to be competitive with liquid batteries whose ASR is ~22 

Ω∙cm2,133 we need to lower the ASR further. We expect the NMC622|LLZO interface ASR could 

be lowered further, for example by a fast firing technique at high temperature for a short time 

with high ramp rate,134 to expedite and enhance densification at the interface. 

Although we have not done experiments in dry air and synthetic air, we can predict the outcome 

based on our findings in this paper. Dry air or synthetic air can be other potential gas 

environment for annealing and bonding the NMC622|LLZO interface. As for dry air, we expect 

interfacial degradation since dry air still has CO2, and the Gibbs Free Energy for the reaction was 

negative (spontaneous) with CO2 partial pressure (of 4.12×10-4 atm for 412 ppm 

concentration131) in air. On the other hand, for synthetic air (made of pure O2 and pure N2) we do 

not expect interfacial degradations, since the environment is CO2-free and the Gibbs Free Energy 

for the reaction was positive (non-spontaneous) and secondary phase did not form in both O2 and 

N2. 
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We also note that the degradation mechanism in CO2 and the way to mitigate it on the LLZO-

cathode interface is different from that on the LLZO-Li anode interface. On the LLZO-Li metal 

anode interface, CO2 reacts with LLZO and forms Li2CO3, and this substantially degrades 

physical wetting and contact area of Li metal on LLZO, thus increases the interface 

resistance.22,48 Physically removing that Li2CO3 prior to pressing the Li metal anode layer onto 

the ceramic electrolyte circumvents that issue.22 What we find on the cathode side is very 

different. The degradation during synthesis of the cathode-electrolyte interface in air or in CO2 is 

rather due to the formation of Li-deficient secondary phases, such as La2Zr2O7 and perovskite-

related oxides (e.g. La(Ni,Co)O3), as a result of Li-loss in the form of Li2CO3, and not by loss of 

physical contact between LLZO and the oxide cathode. Therefore, one has to avoid formation of 

Li-deficient secondary phases. This can be done by avoiding CO2 in the environment, and this 

approach reduces the interface resistance to lowest values reported in literature where elaborate 

coatings had to be used. We believe this is an important insight to guide how to synthesize 

cathode-electrolyte material interfaces in the best way. 

3.9. Conclusion 

The goal of this chapter was to isolate and identify the key contributors to degradation when 

LLZO and a layered transition metal oxide is co-sintered in air. For that, we have used gas 

components from air as pure gases in the annealing environment of NMC622|LLZO, specifically 

O2, N2, CO2, and humidified O2 at 300 °C to 700 °C. Findings from our thermodynamic 

predictions (Gibbs Free Energy analysis of reactions), chemical and structural characterization 

(XAS and XRD), and electrochemical analysis (EIS) correlate well with each other. Annealing in 

pure O2 gas has given the best result. The interface remained stable at up to 700 °C while 

interfacial resistance at room temperature decreased from 1500 Ω∙cm2 to 130 Ω∙cm2. This is 

comparable to the lowest interface ASR values obtained by using protective interlayer coatings 

between LLZO and layered transition metal cathodes; but here without the additional step of an 

interface coating.  Capacities and potentials of charging/discharging plateaus for the 

Pt|NMC622|LLZO|Li cell prepared by annealing the NMC622|LLZO in pure O2 matched well 

with previous studies on NMC622. The interface also remained free of secondary phases when 

annealed in N2. However, oxygen loss took place at 700 °C. In humidified O2, NMC622 was 

hydrated at up to 500 °C and dehydrated at 700 °C, consistent with the calculated Gibbs free 

energy of reactions. Therefore, if a completely dry environment is not possible, using sufficiently 



74 
 

high sintering temperature can minimize or avoid the detrimental effect of humidity.  Annealing 

in CO2 was the worst condition, and caused the formation of insulating secondary phases that 

block and diminish the charge transfer capability. Removing CO2(g) from the sintering gas 

environment is important for the successful co-sintering of LLZO and layered transition metal 

oxide cathode materials without interfacial degradation. Co-sintering in pure O2 environment 

gives the best result in terms of both interfacial chemical stability and interfacial resistance. 
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4. Electrochemical stability at LiNi0.6Mn0.2Co0.2O2|Li7La3Zr2O12 

interface 

4.1. Introduction 

In Chapter 2 and Chapter 3, we discussed thermal stability at layered oxide cathodes|LLZO 

interface, which is related to manufacture of the All-solid-state batteries. We confirmed that 

avoiding CO2 and using O2 during sintering gives chemically stable interface with low interfacial 

resistance. In this chapter, we discuss electrochemical stability issues at NMC622|LLZO 

interface, which is related to the cell operation. 

Electrochemical degradation at NMC622|LLZO interface occurs by oxidation of LLZO at high 

voltage along with reduction of transition metals in NMC622. LLZO has limited oxidation 

stability limit (2.91 V) and decomposes to secondary phases (Li6Zr2O7, Li2O2, La2O3) over 2.91 

V according to DFT calculation.9 In addition, Ni4+ in charged Lithium Nickel Manganese Cobalt 

Oxide is susceptible to reduction by oxygen loss since energy level for lowest unoccupied 

molecular orbital (LUMO) of Ni4+-O bond is low.135 We hypothesized that oxidation of LLZO 

and reduction of transition metal in NMC622 proceeds by oxygen transfer from NMC622 to 

LLZO. Our proposed degradation pathway is similar to electrochemical degradation at 

LiNi0.8Mn0.1Co0.1O2| β-Li3PS4 interface during cycling. β-Li3PS4 reacts with LiNi0.8Mn0.1Co0.1O2 

during cycling and forms oxidized phases because of its limited oxidation stability.136 

Although NMC622 could decompose on its own by oxygen evolution, it requires high voltage 

(Renfrew et al137: 4.55V vs Li/Li+, Jung et al120: 4.7 V vs Li/Li+). Therefore, if transition metals 

in NMC622 reduced during cycling when charge voltage cutoff was lower than inherent stability 

limit of NMC622, it was due to electrochemical degradation at NMC622|LLZO interface. 

DFT analysis for reaction between delithiated NMC622 and LLZO predicts formation of phases 

(NiO, La2CoMnO4)
18 with reduced transition metals (Ni2+, Co2+) that have poor Li-ion 

conductivities. Therefore, we expect the electrochemical degradation to negatively impact 

cyclability of All-Solid-State Batteries with NMC622 cathode and LLZO solid electrolyte. 

Despite the importance of electrochemically stability on cell performance, experimental 

characterization of the degraded phases formed at NMC622|LLZO interface due to 

electrochemical cycling is still missing.  
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Tracking oxidation state of transition metals near the interface during cell operation is necessary 

to understand electrochemical stability at the interface. For this purpose, we designed All-solid-

state batteries with thin film cathode and thin film current collector, so that the interfacial region 

was within detection depth of soft XAS. This made in-operando characterization of oxidation 

states of transition metals near cathode|LLZO interface possible. 

We have done three electrochemical tests to evaluate electrochemical stability at the 

NMC622|LLZO interface. We chose voltage cutoff for charging (4.3 V vs Li/Li+) to be below 

inherent stability limit of NMC622. First, we did in-operando XAS during electrochemical 

cycling with charging voltage cutoff at 4.3 V vs Li/Li+ to evaluate effect of electrochemical 

cycling on electrochemical degradation. Second, we did in-operando potentiostatic hold 

experiment at 4.3 V vs Li/Li+ to evaluate reactivity between NMC622 and LLZO at high voltage. 

For both experiments, we tracked oxidation states of transition metals during experiments by 

continuously measuring XAS. Both in-operando experiments were done at room temperature. 

Finally, we did ex-situ XAS experiment on the cell cycled at 80 °C, to investigate effect of 

temperature on the electrochemical stability at the interface. 

We could not observe electrochemical degradation from in-operando XAS during 

electrochemical cycling done at room temperature. Ni oxidized during charge, and reduced 

during discharge as expected. Co oxidation state increased slightly during charge and decreased 

slightly during discharge. Oxidation state of Mn did not change during cycling. Even after 300 

cycles, reduced phases did not form. 

Ni were reduced during in-operando potentiostatic hold experiment, which demonstrated 

electrochemical instability at NMC622|LLZO interface at high voltage. Co was slightly reduced 

during potentiostaic hold as well. Oxidation state of Mn remained same regardless of 

potentiostatic hold. 

Cycling at 80 °C formed severely reduced phase. Ni2+ increased and Ni3+ decreased compared to 

the as prepared state after cycling. Co2+ formed after cycling. Oxidation state of Mn did not 

change. 

Reduction of transition metals observed from potentiostatic hold and cycling at 80 °C matched 

well with our hypothesized electrochemical degradation pathway based on thermodynamics. The 
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result proves that there is an inherent electrochemical stability issue at NMC622|LLZO interface. 

In contrast, reduced phases were not observable from the in-operando XAS done at room 

temperature because of kinetic reason. There was not enough time to form an observable amount 

of reacted phases during cycling at room temperature due to slower reaction compared to 

experiment at 80 °C. 

NiO and La2CoMnO6 are predicted by DFT as reaction products, and fits with XAS data 

indicating formation of phase with Ni2+ and Co2+. NiO is an insulator,138 but La2MnCoO6 is a 

semiconductor with low resistivity (0.01 Ω·cm) at room temperature.139 Phase distribution and 

morphology of the degraded interface should be studied to evaluate whether it is passivating or 

non-passivating. 

4.2. Experimental design and methods 

LLZO pellets were prepared using same experimental methods discussed in section 3.2. We 

deposited 60 nm NMC622 on top of LLZO pellets by RF sputtering at room temperature (RF 

power: 100 W, Ar:O2 ratio = 3:1). Samples were annealed in O2 at 600 °C for 30 min after 

NMC622 deposition. 10 nm Pt was deposited on top of NMC622 as a current collector at room 

temperature (RF power: 100 W, pure Ar).  

We prepared samples for in-operando XAS by depositing 38 nm WO3 thin film anode (RF 

power: 90 W, Ar:O2 = 9.3:2.7) and 90 nm W current collector (RF power: 100 W, pure Ar) on 

the opposite side of NMC622 by RF sputtering at room temperature. We used mask with ¼ inch 

to deposit WO3 and W to avoid short circuit with the cathode side. We used lithium metal anode 

for the cell for ex-situ characterization. We prepared cell with lithium metal anode using same 

experimental methods discussed in section 3.2. 

XAS was done at the 23-ID-2 (IOS) beamline, National Synchrotron Light Source II (NSLS-II) 

using partial fluorescence yield mode. We used special sample holder for in-operando XAS 

measurement. Figure 26 shows a schematic of the cell used for in-operando XAS, and a cell 

mounted on in-operando stage. Ex-situ XAS was done using standard sample stage. 
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Figure 26 Structure of the in-operando cell, and the cell mounted on the sample stage for in-

operando XAS 

In-operando XAS during electrochemical cycling was done by measuring O K-edge, Ni L-edge 

& La M-edge, Co L-edge, Mn L-edge in sequence during electrochemical cycling with 4.3 V vs 

Li/Li+ as charge voltage cutoff at room temperature.  We measured XAS during each cycle, and 

after each cycle for 1st-5th cycles. Current used for 1st-5th cycles was 0.2 C. After 5th cycle, we 

increased current for cycling, and only measured XAS after certain numbers of cycling (10th, 

20th, 30th, 40th, 50th, 100th, 200th, 300th). Currents for cycling were 1C for 6th-10th cycles, 2C for 

11th-50th cycles, and 3C for 51th-300th cycles. 

In-operando potentiostatic hold experiment was done by charging the cell up to 4.3 V vs Li/Li+ 

using 1 C current, and then holding the potential at 4.3 V vs Li/Li+
 at room temperature. We 

acquired O K-edge, Ni L-edge & La M-edge, Co L-edge, Mn L-edge in sequence during 

potentiostatic hold.  

The cell for ex-situ XAS was cycled between 3.0-4.3 V at 80 °C for 50 times with 5 C current. 

We acquired O K-edge, Ni L-edge & La M-edge, Co L-edge, Mn L-edge from the as prepared 

cell and the cycled cell. 
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4.3. Calculating the voltage on cathode side vs Li/Li+ from the measured voltage of 

Pt| LiNi0.6Mn0.2Co0.2O2|LLZO|WO3|W cell 

We charged NMC622 cathode up to 4.3 V vs Li/Li+ to avoid reaching inherent stability limit of 

the cathode. To calculate voltage on cathode during 1st charge, we used following equation. 

Vcathode (Li1-xNi0.6Mn0.2Co0.2O2 vs Li/Li+) = Vcell (Li1-xNi0.6Mn0.2Co0.2O2 vs LixWO3) 

+ Vanode (LixWO3 vs Li/Li+) + η (overpotential correction) 

Figure 27 shows Vcathode, Vcell, Vanode corresponding to 1st charge from in-operando XAS during 

electrochemical cycling. Vcell is the cell voltage measured during charging. Vanode is the voltage 

on LixWO3 anode vs Li/Li+ during 1st lithiation of WO3, which decreases as lithium content in 

the anode increases. We obtained the voltage profile for WO3 lithiation from a separate 

experiment using W|WO3|LLZO|Li cell. Correction for ohmic overpotential was needed since 

total resistance of W|WO3|LLZO|Li cell was higher than Pt|LiNi0.6Mn0.2Co0.2O2|LLZO|WO3|W 

cell. Vcathode is the voltage of NMC622 vs Li/Li+ during 1st charge, which was calculated by the 

equation. 

 

Figure 27 Vcathode (Li1-xNi0.6Mn0.2Co0.2O2 vs Li/Li+), Vcell (Li1-xNi0.6Mn0.2Co0.2O2 vs LixWO3), 

Vanode (LixWO3 vs Li/Li+) corresponding to 1st charge of the cell used from in-operando XAS 

during electrochemical cycling. Vcell was measured from the Pt (10 nm)|LiNi0.6Mn0.2Co0.2O2 (60 



80 
 

nm)|LLZO|WO3 (38 nm)|W (90 nm) cell. Vanode was obtained by cycling W (90 nm)|WO3 (38 

nm)|LLZO|Li cell 

Vcell was 3.7 V when Vcathode was 4.3 V for the 1st charge. We used 3.7 V (cell voltage) as 

charging cutoff for consequent cycling. Voltage cutoff for discharge was 0.5 V (cell voltage), 

which we chose to be close to open circuit voltage of the Pt| LiNi0.6Mn0.2Co0.2O2|LLZO|WO3|W 

cell before cycling. 

We used same strategy to calculate the cell voltage for potentiostatic hold experiment at 4.3 V vs 

Li/Li+. Vcell was 3.6 V when Vcathode was 4.3 V for the 1st charge. We held potential at 3.6 V (cell 

voltage) for potentiostatic hold experiment. 

4.4. Electrochemical degradation at LiNi0.6Mn0.2Co0.2O2|LLZO interface by cycling 

up to 4.3 V vs Li/Li+ at room temperature 

We measured O K-edge, Ni L2,3-edge, La M4,5-edge, Co L2,3-edge in sequence during cycling of 

Pt|Ni0.6Mn0.2Co0.2O2|LLZO|WO3|W cell at room temperature. Figure 28 shows O K-edge data 

taken before cycling, during 1st cycle, and after 1st cycle, and corresponding voltage profile for 

1st cycling. Lower energy feature of O K pre-edge increased during charging, while higher 

energy feature of O K pre-edge decreased. We observed opposite trend during discharging. 

Oxidation of transition metals bonded with oxygen increases lower energy feature of O K pre-

edge.50 Therefore, trend in O K pre-edge indicates transition metals oxidized during charge, and 

reduced during discharge. 
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Figure 28 O K-edge X-ray Absorption Spectroscopy data (partial fluorescence yield (PFY)) 

for 1st cycle of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 (38 nm)|W (90 nm) cell. Spectra 

taken before 1st cycle, during 1st cycle, and after 1st cycle are shown. Each in-operando XAS 

data for O K-edge corresponds to a segment in the voltage profile marked with same color. 

Ni oxidized during charging, and reduced during discharging. Intensity of high energy shoulder 

increased and low energy shoulder decreased for both Ni L3-edge and L2-edge during charging, 

which corresponds to oxidation of Ni (Figure 29).50,52,107 Opposite trend was observed during 

discharging because of Ni reduction. Ni was more oxidized compared to as prepared state after 

1st cycle since 1st discharge capacity was lower than 1st charge capacity. This was due to isolation 

of NMC622 particles because of physical delamination at the NMC622|LLZO interface. Chemo-

mechanical degradation at NMC622|LLZO will be discussed further in Chapter 5.  
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Figure 29 Ni L2,3-edge and La M4-edge X-ray Absorption Spectroscopy data (partial 

fluorescence yield (PFY)) for 1st cycle of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 (38 

nm)|W (90 nm) cell. Spectra taken before 1st cycle, during 1st cycle, and after 1st cycle are 

shown. Each in-operando XAS data for Ni L2,3-edge and La M4-edge corresponds to a 

segment in the voltage profile marked with same color. 

Notably, Low energy shoulder of L2 edge disappeared at the end of charging, indicating severe 

oxidation compared to as prepared state. The shape of Ni L-edge at high voltage matched with γ-

NiOOH, in which oxidation state of Ni is 3.48~3.68,106,140,141 which suggested formation of Ni4+. 

Co oxidized during charging, and reduced during discharging, but change in oxidation state of 

Co was very small compared to Ni during 1st cycle (Figure 30). Both Co L3-edge and Co L2-edge 

shifts toward high energy during charge, and shifts toward low energy during discharge. 

However, unlike Ni L2,3-edge, Co L2,3-edge shape did not change drastically during cycling, and 

remained similar to LaCoO3, in which Co oxidation state is +3.53 
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Figure 30 Co L2,3-edge X-ray Absorption Spectroscopy data (partial fluorescence yield 

(PFY)) for 1st cycle of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 (38 nm)|W (90 nm) cell. 

Spectra takens before 1st cycle, during 1st cycle, and after 1st cycle are shown. Each in-

operando XAS data for Co L2,3-edge corresponds to a segment in the voltage profile marked 

with same color. 

Oxidation state of Mn did not change during charging and discharging. Mn L-edge shape was 

same before cycle, during 1st cycle, and after 1st cycle, which matched with Mn4+
 (Figure 31).59 
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Figure 31 Mn L2,3-edge X-ray Absorption Spectroscopy data (partial fluorescence yield 

(PFY)) for 1st cycle of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 (38 nm)|W (90 nm) cell. 

Spectra taken before 1st cycle, during 1st cycle, and after 1st cycle are shown. Each in-

operando XAS data for Mn L2,3-edge corresponds to a segment in the voltage profile marked 

with same color. 

We hypothesized growth of secondary phases at the interface with reduced transition metals after 

cycling due to instability of the interface at high voltage during cycling. However, we could not 

observe the reduction of transition metals after 1st cycle. We did XAS after multiple cycling to 

see whether the predicted electrochemical degradation became severe enough to be 

characterizable. Figure 32 shows charging and discharging curves for 300 cycles. Current 

applied for 1st-5th cycle was 0.2 C, 2nd-5th cycle was 1 C, 11th-50th cycle was 2 C, 51st-300th cycle 

was 3 C. 
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Figure 32 Chaging curves and discharging curves for Pt (10 nm)|LiNi0.6Mn0.2Co0.2O2 (60 

nm)|LLZO|WO3 (38 nm)|W (90 nm) cell cycled for 300 times. 

Steep capacity decrease between 1st charge between 2nd charge indicates severe degradation 

during 1st cycle. This is from chemo-mechanical degradation at the NMC622|LLZO interface, 

which will be discussed further in chapter 5. Capacity decrease after 5th, 10th, 50th cycles is due to 

increased overpotential because of increased current applied during cycling. Both charge 

capacities and discharge capacities decreased gradually as cycling number increased. 

Figure 33 shows O K-edge, Ni L-edge and La M-edge, Co L-edge, Mn L-edge for as prepared 

sample and after 1st-5th cycle. Figure 34 shows O K-edge Ni L-edge and La M-edge, Co L-edge, 

Mn L-edge for as prepared sample, and after 1st, 200th, 300th cycle. 
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Figure 33 O K-edge, Ni L2,3-edge and La M4-edge, Co L2,3-edge, Mn L2,3-edge X-ray 

Absorption Spectroscopy data (partial fluorescence yield (PFY)) for Pt (10 nm)|NMC622 (60 

nm)|LLZO|WO3 (38 nm)|W (90 nm) cell before cycling, and after 1st-5th cycle 
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Figure 34 O K-edge, Ni L2,3-edge and La M4-edge, Co L2,3-edge, Mn L2,3-edge X-ray 

Absorption Spectroscopy data (partial fluorescence yield (PFY)) for Pt (10 nm)|NMC622 (60 

nm)|LLZO|WO3 (38 nm)|W (90 nm) cell before cycling, and after 1st, 200th, 300th cycle 

Intensity of pre-edge feature of O K-edge increased as cycling number increased, and lower 

energy feature of the pre-edge became stronger compared to high energy feature (Figure 33 (a), 

Figure 34 (a)). This corresponds to the increase of oxidation sate of transition metals bonded to 

oxygen as cycling number increased. Ni oxidizes compared to as prepared state after 1 cycle, 

which is shown by decrease of low energy feature of Ni L3-edge and increase of high energy 

feature of Ni L3-edge (Figure 33 (b)). Oxidation state change of Ni is no longer obvious from the 

2nd cycle from Ni L-edge data (Figure 33 (b), Figure 34 (b)). Oxidation state of Co and Mn did 

not change after cycling (Figure 33 (c-d), Figure 34 (c-d)) 

Oxidation state increase of transition metals is opposite from what we expected from the 

predicted electrochemical degradation mechanism. The discrepancy could have originated from 

isolation of NMC622 particles due to chemo-mechanical degradation during cycling, which we 

will discuss further in Chapter 5. NMC622 particle which was disconnected from other 
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components during cycling remains in charged state (oxidized state) even when we discharge the 

cell. Therefore, average oxidation state of transition metals increases by chemo-mechanical 

degradation. Increase of La M-edge signal intensity compared to Ni L-edge with cycling number 

increase justifies chemo-mechanical degradation in the sample (Figure 33 (b), Figure 34 (b)). 

Crack formation exposed more LLZO on the surface of the cell, which caused increase of La M-

edge signal intensity versus Ni L-edge. As more NMC622 became isolated due to chemo-

mechanical degradation as cycling number increased, average oxidation state of transition metals 

in NMC622 increased.  

4.5. Electrochemical degradation at LiNi0.6Mn0.2Co0.2O2|LLZO interface by 

potentiostatic hold at 4.3 V vs Li/Li+
 at room temperature 

We measured O K-edge, Ni L2,3-edge, La M4,5-edge, Co L2,3-edge, Mn L2,3-edge in sequence 

during potentiostatic hold to evaluate electrochemical degradation at NMC622|LLZO interface at 

4.3 V vs Li/Li+. Pre-edge feature of the O K-edge, which originates from oxygen-transition metal 

bond, was stronger after charging compared to the state before cycling (Figure 35). The shape 

and intensity of the pre-edge remained similar during potentiostatic hold.  

 

Figure 35 O K-edge X-ray Absorption Spectroscopy data (partial fluorescence yield (PFY)) 

for potentiostatic hold at 4.3 V vs Li/Li+ of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 (38 

nm)|W (90 nm) cell. Each in-operando XAS data for O K-edge corresponds to a segment in 

the current profile marked with same color. 
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Ni reduced during potentiostatic hold. Low energy feature of Ni L2,3-edge increased and high 

energy feature of Ni L2,3-edge decreased (Figure 36). The voltage applied for potentiostatic hold 

(4.3 V vs Li/Li+) was lower than the inherent stability limits of NMC622 reported by previous 

studies (4.55 V vs Li/Li+ (Renfrew et al.137), 4.7 V vs Li/Li+ (Jung et al.120)) Therefore, Ni 

reduction shown during pontentiostaic hold originated from electrochemical reaction at 

NMC622|LLZO interface. 

The reduction of Ni was not severe during potentiostatic hold. Shape of Ni L-edge stayed similar 

to γ-NiOOH (Oxidation state of Ni: 3.48~3.68)106,140,141 through the potentiostatic hold. Small 

oxidation state change of Ni matches with our finding on O K-edge where we did not observe 

clear change in pre-edge related to transition metal reduction. Limited oxygen diffusion at room 

temperature could have kinetically inhibited the reaction. 

 

Figure 36 Ni L2,3-edge and La M4-edge X-ray Absorption Spectroscopy data (partial 

fluorescence yield (PFY)) for potentiostatic hold at 4.3 V vs Li/Li+ of Pt (10 nm)|NMC622 

(60 nm)|LLZO|WO3 (38 nm)|W (90 nm) cell. Each in-operando XAS data for Ni L2,3-edge 

and La M4-edge corresponds to a segment in the current profile marked with same color. 

Co L-edge shifted toward higher energy after charging, and it gradually returned to its original 

energy during potentiostatic hold. Oxidation state of Co remained close to +3, and indicators for 

Co4+ formation were not found. 
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Figure 37 Co L2,3-edge X-ray Absorption Spectroscopy data (partial fluorescence yield 

(PFY)) for potentiostatic hold at 4.3 V vs Li/Li+ of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 

(38 nm)|W (90 nm) cell. Each in-operando XAS data for Co L2,3-edge corresponds to a 

segment in the current profile marked with same color. 

Oxidation state of Mn stayed +4 after charging, and during potentiostatic hold. Mn was not redox 

active. 

 

Figure 38 Mn L2,3-edge X-ray Absorption Spectroscopy data (partial fluorescence yield 

(PFY)) for potentiostatic hold at 4.3 V vs Li/Li+ of Pt (10 nm)|NMC622 (60 nm)|LLZO|WO3 

(38 nm)|W (90 nm) cell. Each in-operando XAS data for Mn L2,3-edge corresponds to a 

segment in the current profile marked with same color. 
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4.6. Electrochemical degradation at LiNi0.6Mn0.2Co0.2O2|LLZO interface by cycling 

up to 4.3 V vs Li/Li+ at 80 °C 

We did ex-situ XAS on Pt|Ni0.6Mn0.2Co0.2O2|LLZO|Li cell cycled at 80 °C between 3.0-4.3 V vs 

Li/Li+ to study the effect of higher temperature on degradation at cathode|LLZO interface. Figure 

39 shows charging curves and discharging curves 1st-50th cycle. 

 

Figure 39 Chaging curves and discharging curves for Pt (10 nm)|LiNi0.6Mn0.2Co0.2O2 (60 

nm)|Li7La3Zr2O12 |Li cell cycled between 3.0-4.3 V for 50 times at 80 °C with 5 C current 

1st charge capacity was 232 mAh/g whereas 1st discharge capacity was 47 mAh/g. Both charge 

capacity and discharge capacity decreased gradually as cycling number increased. The decrease 

in capacities originated from overpotential increase in the cell. The differential capacity plot 

reveals voltages for electrochemical reactions in the cell during cycling. Features for phase 

transitions for H1→M and M→H2 appeared, as reported by previous studies on cycling of 

layered oxide cathodes.119,120 As cycling number increased, the feature corresponds to H1→M 

phase transition during charging shifted toward higher voltage because of higher overpotential in 

the cell. 
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Figure 40 Differential capacity plot obtained from cycling curves in Figure 39. Processed data 

for 1st, 10th, 20th, 50th cycles are shown. 

In order to investigate the origin of overpotential increase, we performed XAS to check whether 

there had been observable chemical degradation at the interface. Figure 41 compares O K-edge, 

Ni L-edge and La M-edge, Co L-edge, Mn L-edge for the sample before cycling, and the sample 

cycled at 80 °C for 50 times with 5 C current. 
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Figure 41 O K-edge, Ni L2,3-edge and La M4-edge, Co L2,3-edge, Mn L2,3-edge X-ray 

Absorption Spectroscopy data (partial fluorescence yield (PFY)) for Pt (10 nm)|NMC622 (60 

nm)|LLZO|Li cell before cycling, and after cycling 50 times at 80 °C 

Pre-edge of O K-edge showed decrease of transition metals with higher oxidation state, and 

increase of transition metals with lower oxidation state after cycling (Figure 41 (a)). Pre-edge 

intensity of O K-edge decreased after cycling 50 times. Lower energy pre-edge feature intensity, 

which corresponds to oxygen bond with transition metals with higher oxidation states,50 

decreased more compared to higher energy pre-energy feature. Both Ni and Co reduced after 

cycling. Low energy feature of both Ni L3 and L2 edge increased while high energy feature 

decreased (Figure 41 (b)). The intensity change indicates reduction of Ni.50,52,107 A new feature at 

777.5 eV appeared in Co L-edge data after cycling (Figure 41 (c)). The feature proves formation 

of reduced phase with Co2+ (High Spin).111,112 Oxidation states of Mn were +4 before and after 

cycling. Shape of Mn L-edge remained same (Figure 41 (d)). 

Reduced phases with Ni2+ and Co2+ formed after cycling at 80 °C. This is different from results 

from in-operando XAS during electrochemical cycling at room temperature, in which reduced 

phases were not found. Cycling at higher temperature could have expedited chemical reaction 

between cathode and LLZO. We did Grazing Incidence XRD on the sample before cycling, and 
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the sample cycled at 80 °C to characterize reduced phases formed due to secondary reaction 

between NMC622 and LLZO (Figure 42). The samples were sealed in glove box with plastic 

holder to avoid air exposure during XRD characterization. The bar chart below XRD 

corresponds to reference XRD peaks for NMC622 (ICDD: 00-066-0854), LLZO (ICDD: 00-063-

0174), and Pt (ICDD: 00-004-0802). 

 

Figure 42 Grazing incidence XRD (Grazing angle: 0.5°) for Pt (10 nm)|NMC622 (60 

nm)|LLZO|Li cell before cycling, and after cycling 50 times at 80 °C 

Plastic holder used for XRD characterization caused broad feature around 17°. Peaks for LLZO 

and Pt were in both as prepared sample and the sample after cycling. In contrast, peaks for 

NMC622 were not found in both samples due to their low intensity. Secondary phases with 

reduced transitional metals (Ni2+, Co2+) were amorphous. Intensities of broad feature at low 

angles increased after cycling, but peaks for additional secondary phases did not appear.  

4.7. Discussion 

We expected electrochemical degradation at NMC622|LLZO based on limited oxidation limit of 

LLZO. We hypothesized oxidation of LLZO and reduction of NMC622 by oxygen transfer from 

NMC622 to LLZO. As a result of the electrochemical degradation, we expected to observe 

reduced transition metal in NMC622. 

Experiment results from potentiostatic hold experiment at 4.3 V vs Li/Li+ and cycling at 80 °C 

matched well with our hypothesized degradation pathway. Ni reduced during potentiostatic hold 

experiment at 4.3 V vs Li/Li+, and reduced phases (Ni2+, Co2+) formed after cycling experiment 
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at 80 °C. The findings prove that the electrochemical degradation at the NMC622|LLZO 

interface is thermodynamically spontaneous.  

In contrast to cycling experiment at 80 °C, reduced phases were not observable from in-operando 

XAS during electrochemical cycling at room temperature. The discrepancy originates from slow 

reaction kinetics at room temperature. Reduction of transition metals in NMC622 requires 

oxygen migration out of the NMC622 lattice. Therefore, we expect slower reaction at room 

temperature compared to at 80 °C due to slower oxygen transport. For this reason, there were not 

enough reaction products to be observable from in-operando XAS during electrochemical 

cycling.  

Transition metals in NMC622 reduced due to electrochemical degradation at NMC622|LLZO 

interface since charge voltage cutoff (4.3 V vs Li/Li+) was lower than inherent stability limit of 

NMC622. Delithiated NMC622 could decompose into reduced phases on their own by losing 

oxygen from the lattice when applied voltage is over its stability limit. However, experimentally 

found onset voltage for the oxygen evolution were higher than the charge voltage cutoff used in 

our study. Renfrew et al.137 and Jung et al.120 reported oxygen evolution above 4.55 V and 4.7 V 

respectively. Since the charge voltage cutoff used in the study is lower than those values, we 

exclude the possibility of self-degradation of NMC622. 

Experimental findings for electrochemical degradation from our work matches well with DFT 

predicted decomposition with the exception of computationally predicted Li2NiO3. Nolan et al. 

predicted formation of Li2NiO3, Li2ZrO3, ZrO2, NiO, La2MnCoO6 from reaction between 

Li0.5Ni0.6Mn0.2Co0.2O2 and LLZO according to their DFT calculation.18 NiO and La2MnCoO6 

matches well with formation of reduced phases (Ni2+, Co2+) that we observed from the cell 

cycled at 80 °C. On the other hand, Li2NiO3 does not match with experimental findings since 

oxidation state of Ni is +4 in the phase. Li2NiO3 is only stable at oxidizing condition,142 which 

was not considered during DFT prediction. Li2NiO3 requires oxygen environment with extremely 

high pressure (𝑃𝑂2
 = 150 bar) for synthesis.143 Therefore, we believe formation of Li2NiO3 is 

unlikely in our experimental condition, in which cell was sealed in a glove box with oxygen level 

below 1 ppm. 
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Phase characterization of the reaction products at NMC622|LLZO interface formed by 

electrochemical degradation is not conclusive since XRD did not show peaks for crystalline 

phases. Considering DFT predicted phases (Li2NiO3, Li2ZrO3, ZrO2, NiO, La2MnCoO6) and our 

XAS characterization indicating formation of reduced phases, we suggest that NiO and 

La2CoMnO6 formed at the interface. Formation of rock salt phase (NiO) matches with studies of 

Lithium Nickel Manganese Cobalt oxide degradation in liquid electrolytes.50,144 Formation of 

La2MnCoO6 double perovskite structure is similar to what we observed in Chapter 2 and Chapter 

3 from thermal degradation between NMC622 and LLZO (La(Ni,Co)O3 in air, La2NiO4 and 

La2CoO4 in CO2). 

Degraded phase between cathode and electrolyte should ideally be electronically insulating 

phase to inhibit further electrochemical degradation. NiO is an insulator,138 but La2MnCoO6 is a 

semiconductor with 0.01 Ω·cm resistivity at room temperature.139 Therefore, phase distribution 

of secondary phases at the NMC622|LLZO should be analyzed to evaluate whether the 

electrochemical degradation forms passivating or non-passivating layer. The finding will indicate 

whether NMC622|LLZO requires additional protective interlayer due to formation of non-

passivating layer, or it is not necessary. 

4.8. Conclusion 

In this section, we identified products of electrochemical degradation at NMC622|LLZO. 

Limited oxidation stability of LLZO caused electrochemical degradation at NMC622|LLZO. We 

hypothesized oxidation of LLZO and reduction of NMC622 occurred by oxygen transfer from 

NMC622 to LLZO. We designed a cell with thin film cathode and thin film electrode, so that in-

operando characterization of NMC622|LLZO was possible with soft XAS. We confirmed the 

hypothesis by observation of Ni reduction during potentiostiatc hold, and reduced phases (Ni2+, 

Co2+) formation from the cell cycled at 80 °C. Both charge and discharge capacities decreased 

due to overpotential increase by formation of reduced phases. Considering DFT prediction and 

XAS result, we expect the formed phases to be NiO and La2MnCoO6. As NiO is an insulator 

while La2MnCoO6 is a semiconductor, further characterization of phase distribution is needed to 

investigate whether passivating interface had formed. 
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In-operando XAS during electrochemical cycling done at room temperature did not show 

reduced phases, indicating the electrochemical degradation could be kinetically inhibited during 

cycling at relatively low temperature. Therefore, we suggest cycling at room temperature to 

minimize electrochemical degradation at the interface. 
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5. Chemo-mechanical stability at LiNi0.6Mn0.2Co0.2O2|Li7La3Zr2O12 

interface 

5.1. Introduction 

In chapter 4, we have discussed electrochemical stability issues at NMC622|LLZO interface. We 

focused on reduction of transition metals at the interface, and formation of secondary phases. In 

this chapter, we discuss chemo-mechanical stability issues at the interface stemming from lattice 

parameter changes of NMC622 during cycling. 

Stress between crystallites in polycrystalline NMC622 and stress at NMC622|LLZO interface 

during cycling are inevitable since lattice parameters of NMC622 depends on lithiation content. 

Lattice parameter changes during cycling causes stress between crystallites with crystal 

orientation mismatch, which causes crack at the interface. The issue is inherent in layered oxide 

cathodes, and happens in both liquid electrolytes environment145–147 and solid electrolyte 

environment.36 We calculated intergranular stress between two NMC622 grains and compared it 

with fracture stress of NMC622 to predict mechanical stabilities at the interface. 

According to the model by Ming-Yuan et al, crack approaching the interface between two elastic 

materials could either propagate through the interface or cause delamination by being deflected 

at the interface.148 The model by Ming-Yuan et al. compares tendencies for crack propagation 

and crack deflection at the interface by comparing energy loss and gain for each pathway. We 

used mechanical properties for NMC622, LLZO and at NMC622|LLZO interface to predict the 

behavior of crack near NMC622|LLZO interface. 

Both intergranular crack and delamination cause irreversible capacity loss during cycling as they 

disconnect lithium conduction pathway. Therefore, understanding the nature of the mechanical 

degradation is important. We used model system with thin film cathode to study mechanical 

degradation at the NMC622|LLZO interface. We used focused ion milling to expose the 

NMC622|LLZO interface, and characterized it with Scanning Electronic Microscopy (SEM). We 

compared as prepared cell and the cell cycled 50 times between 3.0 V-4.3 V at 80 °C. Thickness 

of cathodes of the cell for studying mechanical degradation (600 nm) was thicker than cells for 

studying chemical degradation (60 nm, 100 nm). We chose thicker cathode so that we could 
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observe outcomes of mechanical degradation such as cracks and delamination with the available 

magnification of Scanning Electronic Microscopy. 

Estimated strain at the interface between two grains with different crystallographic orientation 

from our calculation reached up to ~5 GPa during charging. The stress was much bigger than 

fracture strength (~50 MPa) of lithium nickel cobalt manganese oxide,149 so we expected 

intergranular crack between NMC622 grains. Considering mechanical properties of NMC622 

and LLZO, we predicted intergranular crack in NMC622 approaching NMC622|LLZO interface 

to be deflected, forming crack between NMC622 and LLZO. Our prediction based on fracture 

mechanics matched well with experimental findings. Both intergranular crack and delamination 

were found in the cross-sectional image taken by FIB-SEM. Charge capacity dropped 

significantly from 121 mAh/g (1st charge capacity) to 58 mAh/g (2nd charge capacity), which 

demonstrated the detrimental effect of chemo-mechanical degradation on cell performance.  

 

5.2. Experimental design and methods 

We prepared LLZO pellets by same experimental steps discussed in section 3.2. We deposited 

600 nm thick NMC622 on top of LLZO pellets by RF sputtering. RF power and Ar:O2 ratio used 

for the experiment were 100 W and 3:1 respectively. Deposition was done at room temperature. 

Samples were post-annealed at 600 C for 30 min in O2. 60 nm Pt current collector was deposited 

on top of NMC622 at room temperature. We used lithium metal anode for the cell for ex-situ 

characterization. We prepared cells with lithium metal anode using same experimental methods 

discussed in section 3.2. The cell was cycled between 3.0-4.3 V for 50 times. Current for cycling 

was 5 C, and temperature during cycling was 80 °C. We used FIB-SEM (Focused Ion Beam 

Scanning Electron Microscope) to characterize the interface. We characterized the cell without 

cycling, and the cell after cycling for 50 times. 

5.3. Prediction of chemo-mechanical degradation at LiNi0.6Mn0.2Co0.2O2|LLZO 

interface 

Intergranular crack between NMC622 grains originates from anisotropic lattice parameter 

changes of NMC622 as it delithiates. Crystal structure of NMC622 changes from H1 to H2 as its 

lithium content decreases to 60% compared to fully lithiated state.33 This causes lattice parameter 
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to change from 2.86 Å to 2.81 Å in a-axis direction, and 14.227 Å to 14.375 Å in c-axis 

direction.33 Intergranular strain and stress between two adjacent gains with different 

crystallographic directions are as following. 

𝜀 (𝐼𝑛𝑡𝑒𝑟𝑔𝑟𝑎𝑛𝑢𝑙𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛) =  
14.375

14.227⁄

2.81
2.86⁄

− 1 = 0.0283 

𝜎 (𝐼𝑛𝑡𝑒𝑟𝑔𝑟𝑎𝑛𝑢𝑙𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠) = 𝐸𝜀 =  177.5 𝐺𝑃𝑎 × 0.0283 = 5.041 𝐺𝑃𝑎 

(E: Elastic modulus of Lithium Nickel Manganese Cobalt Oxide = 177.5 GPa)150 

Calculated intergranular stress (5.041 GPa) for NMC622 was similar to the value calculated by 

Xue et al. (~6 GPa),144 in which authors studied stress between NMC811 grains. The 

intergranular stress is much bigger than fracture stress (~50 MPa)149 of Lithium Nickel 

Manganese Cobalt Oxide. Therefore, we expect formation of intergranular crack during 

delithiation. 

Intergranular crack between NMC622 grains deflects at the NMC622|LLZO interface, which 

causes delamination of NMC622. Ming-Yuan et al. calculated conditions for crack propagation 

and crack deflection at the interface of two elastic materials, when crack formed in one of the 

materials reaches the interface.148 Authors derived a curve that separates the conditions for crack 

propagation and crack deflection by calculating strain energy release rate for each pathway. 

Figure 43 shows the curve, which we replotted from the work from Shi et al.,151 in which the 

authors used the model to investigate crack formation within Silicon anode. We calculated 

mechanical properties corresponding to NMC622|LLZO interface to evaluate mechanical 

stability, and marked the datapoint on Figure 43 with red dot. 
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Figure 43 Curve separating regions for crack propagation and crack deflection through the 

interface between two materials. Gic: Critical strain energy release rate between material 1 and 

material 2, Gc,2: Critical strain energy release rate of material 2, Gd: Energy release rate of 

crack deflected at the interface between material 1 and material 2, Gp: Energy release rate of 

crack propagating into material 2. The curve was replotted from the work by Shi et al.151 

When material 1 and material 2 are adjacent to each other and crack formed in material 1 reaches 

the interface between material 1 and material 2, the condition for crack deflection at the interface 

is as following. 

𝐺𝑖𝑐

𝐺𝑐,2
<

𝐺𝑑

𝐺𝑝
 

(Gic: Critical strain energy release rate between material 1 and material 2 

Gc,2: Critical strain energy release rate of material 2 

Gd: Energy release rate of crack deflected at the interface between material 1 and material 2 

Gp: Energy release rate of crack propagating into material 2) 

Gd/Gp is a function of dimensionless variable α (𝛼 =
𝐸1−𝐸2

𝐸1+𝐸2
), where E1 is elastic modulus of 

material 1 and E2 is elastic modulus of material 2). The crack from material 1 will propagate into 

material 2 when it reaches the interface if following inequality holds. 

𝐺𝑖𝑐

𝐺𝑐,2
>

𝐺𝑑

𝐺𝑝
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Elastic modulus of Lithium Nickel Cobalt Manganese Oxide is 177.5 GPa,150 and elastic 

modulus of LLZO is 149.8 Gpa.152 We used 1.25 MPa √𝑚 for the fracture toughness (KIC) of 

LLZO, which is the value corresponding to polycrystalline LLZO.152 The critical energy release 

rate depends on fracture toughness and elastic modulus of the material.153 

𝐺𝑐 =
𝐾𝐼𝐶

2

𝐸
 

(Gc: critical energy release rate, KIC: fracture toughness, E: elastic modulus)  

From the formula, critical energy release rate for LLZO is 10.4 J/m2. 

Sum of surface energy densities for new surfaces formed due to crack is equal to critical energy 

release rate.154 Therefore, critical strain energy release rate at NMC622|LLZO interface is as 

following. 

𝐺𝑖𝑐 = 𝛾𝑁𝑀𝐶622 + 𝛾𝐿𝐿𝑍𝑂 

(Gic: critical energy release rate at NMC622|LLZO interface,  

γNMC622: surface energy density of NMC622,  

γLLZO: surface energy density of LLZO) 

We used surface energies corresponding to most stable surfaces for each material to calculate 

critical energy release rate at NMC622|LLZO surface. We used surface energy of LiCoO2 to 

estimate γNMC622. (101̅4) surface of LiCoO2 has the lowest surface energy, which is 1.048 

J/m2.155 As for LLZO, (100) surface and (110) surface had lowest surface energies of 0.84 J/m2 

and 0.85 J/m2 respectively.156 From these values, we estimated critical energy release rate at 

NMC622|LLZO interface to ~2 J/m2. α and  
𝐺𝑖𝑐

𝐺𝑐,2
 for NMC622|LLZO interface are as following. 

𝛼 =
𝐸𝑁𝑀𝐶622 − 𝐸𝐿𝐿𝑍𝑂

𝐸𝑁𝑀𝐶622 + 𝐸𝐿𝐿𝑍𝑂
=

177.5 𝐺𝑃𝑎 − 149.8 𝐺𝑃𝑎

177.5 𝐺𝑃𝑎 + 149.8 𝐺𝑃𝑎
= 0.085 

𝐺𝑖𝑐

𝐺𝑐,2
=

2 𝐽 𝑚2⁄

10.4 𝐽 𝑚2⁄
= 0.19 
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The corresponding point for (𝛼,
𝐺𝑖𝑐

𝐺𝑐,2
) is below the curve dividing crack deflection and crack 

propagation conditions (Figure 43). Therefore, the mechanical analysis predicts the intergranular 

crack between NMC622 grains to be deflected at NMC622|LLZO interface, leading to 

delamination of the NMC622.  

5.4. Chemo-mechanical degradation at LiNi0.6Mn0.2Co0.2O2|LLZO interface by 

cycling up to 4.3 V vs Li/Li+ 

Figure 44 shows charging curves and discharging curves for cycling Pt|NMC622|LLZO|Li cell. 

Cycling was done at 80 °C. with 5 C current. 

 

Figure 44 Chaging curves and discharging curves for Pt (60 nm)|LiNi0.6Mn0.2Co0.2O2 (600 

nm)|LLZO|Li cell cycled between 3.0-4.3 V for 50 times at 80 °C with 5 C current 

Charge capacity and discharge capacities for 1st cycle were 121 mAh/g and 58 mAh/g. 

Capacities were comparable to previous study on All-solid-state Lithium Ion batteries with 

similar configuration (NMC622|Li3BO3|LLZO|Li).87 Capacity dropped significantly between 1st 

charge (121 mAh/g) and 2nd charge (58 mAh/g). Steep capacity drop between 1st charge and 2nd 

charge was consistent with previous work on LiCoO2|LLZO|Li all solid battery with Li3BO3 and 

In2(1-x)Sn2xO3 interlayers, in which the authors attributed it to crack formation at 

cathode|electrolyte interface during 1st cycling.123 
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In order to investigate chemo-mechanical degradation near the interface, we exposed cross-

section of the as prepared sample and the sample cycled at 80 °C for 50 times between 3.0-4.3 V 

by Focused Ion Milling (FIB). The cross-sectional images (Figure 45 (a)-(d)) were taken using 

Scanning Electron Microscope (SEM). 

 

Figure 45 Cross sectional images for Pt (60 nm)|NMC622 (600 nm)|LLZO|Li cell (a-b) before 

cycling, and (c-d) after cycling 50 times at 80 °C. Images taken by using FIB-SEM 

NMC622 thin film had columnar grains, as reported by previous study on annealed layered oxide 

cathode film.157 Intergranular cracks formed within NMC622 thin film, and delamination 

happened at the NMC622|LLZO interface after cycling. Both intergranular crack and 

delamination matched with mechanical prediction in the previous section (Chapter 5.3) Isolation 
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of cathode particles due to crack formation made lithium transfer between NMC622 and LLZO 

impossible. This caused capacity drop. 

5.5. Discussion 

We could observe both intergranular crack in NMC622 film and delamination at NMC622|LLZO 

interface from the cycled sample, which matched well with our prediction based on fracture 

mechanics. Significant difference between 1st charge capacity and 2nd charge capacity indicates 

severe degradation during 1st cycle. We expect this was due to high stress within the material 

during 1st charge. Intergranular stress, which is the main driver of the chemo-mechanical 

degradation, depends on the lattice parameter changes of NMC622 as its lithium content 

changes. The lattice parameter change of NMC622 was largest during 1st charge, since the 

charge capacity was largest. Therefore, the most severe chemo-mechanical degradation occurred 

during 1st cycle, leading to much smaller 2nd charge capacity compared to 1st charge capacity.  

The delamination is the major contributor for capacity loss, as it disconnects the lithium 

conduction pathway between NMC622 and LLZO. Therefore, avoiding delamination during 

cycling is crucial for minimizing cell performance degradation. Since the lattice parameter 

changes of cathodes are the origin of the chemo-mechanical degradation, using cathode with 

small volume changes would improve stabilities at the interface. This could be achieved by 

layered oxide cathodes with different ratio between transition metals. Lattice volumes of 

LiNi0.3Mn0.1Co0.6O2 and LiNi0.2Mn0.1Co0.7O2 changes < 1% when they were charged up to 4.4 V 

vs Li/Li+.158 Using cathodes with less lattice parameter changes will improve chemo-mechanical 

stability. 

Using composite cathodes with flexible polymer improves chemo-mechanical stability. He et al. 

compared solid batteries based on LLZO with and without succinonitrile (SCN) in the composite 

cathode.159 Coulombic efficiency for the cell with SCN (95.8%) was much higher than the one 

without SCN (14.6%). Stable contact upon cycling due to introduction of flexible polymer into 

composite cathode improved coulombic efficiency.  

Delamination at the interface can be avoided by engineering mechanical properties near the 

cathode|solid electrolyte interface. According to the model by Ming-Yuan et al.148 that we 
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exploited to predict behavior of crack at the interface, delamination between two materials can 

be avoided in following condition. 

𝐺𝑖𝑐

𝐺𝑐,2
>

𝐺𝑑

𝐺𝑝
 

If the inequality holds at cathode|solid electrolyte interface, the intergranular crack in cathode 

will not be deflected at the interface, but will propagate into solid electrolyte. Therefore, the 

interface between cathode and solid electrolyte remains in contact during cycling. We 

hypothesize that this will give better cyclability since there won’t be steep capacity decrease due 

to delamination. Selecting cathode and solid electrolyte pair with proper mechanical properties is 

necessary for the inequality to hold. 

5.6. Conclusion 

In this section, we performed mechanical analysis based on fracture mechanics to predict chemo-

mechanical degradation within NMC622 and at NMC622|LLZO interface during cycling, and 

experimentally demonstrated the degradation by FIB-SEM images. Intergranular stress between 

NMC622 grains was bigger than fracture strength of NMC622, so we expected intergranular 

crack. We expected intergranular crack to be deflected at NMC622|LLZO interface and 

delaminate the film according to the mechanical model based on critical energy release rates. 

Both intergranular crack and delamination was observed from cycled sample in FIB-SEM 

images, which demonstrated validity of our mechanical model. Charge capacity decreased 

steeply after 1st cycle, demonstrating severe chemo-mechanical degradation during 1st cycle. 

Using cathode with less lattice parameter changes to decrease stress at the interface, or 

composite cathodes with flexible polymers could improve chemo-mechanical stabilities. 

Engineering mechanical properties near the interface can also mitigate delamination by changing 

behavior of intergranular crack within cathode when it reaches cathode|solid electrolyte 

interface. 
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6. Conclusions 

6.1. Summary 

In this thesis, we have studied interfacial degradation pathways between cathodes and solid 

electrolyte during both manufacture stage (sintering needed for good contact, effect of different 

gas environments during sintering) and operation stage (electrochemical cycling and 

potentiostatic hold) With this approach, we provided comprehensive understanding on the 

interfacial stability issues at cathode|solid electrolyte interface. We selected LiCoO2 and 

LiNi0.6Mn0.2Co0.2O2 (NMC622) as cathodes, and Li7La3Zr2O12 (LLZO) as solid electrolyte in this 

thesis. We used model system with thin film cathodes for experiment to characterize interfacial 

regions without the needs of destructive techniques. 

Chapter 2 and Chapter 3 discussed thermal stability issues at NMC622|LLZO interface, First, we 

identified formation of Li2CO3 and other delithiated phases (La(Ni,Co)O3 and La2Zr2O7 at high 

temperature (700 °C) at the interface between NMC622|LLZO after annealing in air (Chapter 2). 

Formation of secondary phases degraded the electrochemical properties at the NMC622|LLZO 

interface as it increased interfacial resistance over 100 times compared to the as prepared 

interface. From the result, we hypothesized that delithiation of the interface by reaction with gas 

(formation of Li2CO3 by reacting with CO2 in air) and subsequent formation of delithiated phases 

are key mechanisms for thermal degradation at cathode|LLZO interface. To test this hypothesis, 

we systematically studied chemical reactivity in different gas environments (O2, N2, humidified 

O2, CO2) (Chapter 3). We studied effect of H2O (g) and CO2 (g) as they can both delithate the 

interface by forming LiOH and Li2CO3 respectively. Reaction under CO2 was most severe, 

showing formation of Li2CO3 and various other delithiated phases. Existence of H2O also led to 

degradation, but its effect was less detrimental compared to CO2. In contrast, the interface 

remained chemically stable in O2 and N2 environment. Especially, annealing in O2 was most 

ideal as it lowered interfacial resistance at NMC622|LLZO interface by one order of magnitude 

compared to as prepared state. The results proved our former hypothesis since removing gas 

species (H2O (g), CO2) that could potentially delithiate the interface from the gas environment 

during sintering gave chemically stable interface. 

Chapter 4 and Chapter 5 discussed electrochemical and chemo-mechanical issues at 

NMC622|LLZO interface. We discussed electrochemical instability at the interface by in-
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operando XAS characterization during potentiostatic hold and electrochemical cycling. (Chapter 

4) Ni4+, which formed at high voltage in NMC622, reduced during potentiostatic hold (4.3 V vs 

Li/Li+). This was due to electrochemical instability at NMC622|LLZO interface coming from 

limited oxidation stability of LLZO. Electrochemical cycling at room temperature did now show 

reduction of transition metals, whereas reduced phases with Ni2+ and Co2+ after cycling at 80 °C. 

This shows the electrochemical degradation can be kinetically inhibited when the cycling 

temperature is low. Apart from electrochemical degradation, NMC622|LLZO interface also 

suffered from chemo-mechanical degradation due to cycling (Chapter 5). We predicted 

intergranular crack with NMC622 and delamination of NMC622 film from the interface based 

on mechanical model. As predicted, we observed both intergranular cracks between NNC622 

and delamination at NMC622|LLZO interface from the cycled sample. Mechanical degradation 

at the interface decreased capacity as it isolated NMC622 from other parts of the cell. 

6.2. Outlook 

In this thesis we provided comprehensive understanding on both thermal and electrochemical 

degradation mechanism at layered oxide cathode|LLZO interface by using model system 

consisting thin film cathode. The usage of model system enabled precise understanding of the 

degradation mechanism at the interface as we could use X-ray Absorption Spectroscopy. Based 

on our findings from the thesis, we suggest following future research directions. 

6.2.1 Kinetics of thermal degradation at cathode|solid electrolyte interface 

Understanding the reaction kinetics for thermal degradation at the cathode|solid electrolyte is 

important to choose appropriate dwell time for sintering. Increasing dwell time at high 

temperature will improve contact between solid components. However, increasing dwell time 

will also form more secondary phases if there is thermal instability at the interface. If the 

secondary phases have low Li-ion conductivities, this will deteriorate performance of the cell. 

Therefore, we expect there will be a optimized dwell time which will give good contact between 

components, while having low amount of secondary phases. 

In chapter 2 and chapter 3, we demonstrated that we could characterize chemical degradation at 

cathode|solid electrolyte interface and correlate it to charge transfer properties at the interface by 

using model systems with thin film cathode. By using same sample design and do chemical 
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characterization during in-situ heating in controlled gas environments, tracking secondary phase 

formation during heat treatment would be possible.  

Correlation of findings from chemical characterization with interfacial resistance at the interface 

will provide full guideline for choosing appropriate sintering conditions (temperature, gas 

environment, and time).  

6.2.2. Heterogeneous electrochemical and chemo-mechanical degradation at 

cathode|solid electrolyte interface 

Charged states in layered oxide cathode is not homogeneous during cycling. Tian et al. showed 

oxidation state of Ni was heterogeneous at the surface of NMC622 particles when they were 

charged by using 2D X-ray Absorption Spectroscopy.160 As we discussed in Chapter 4, reduction 

of Ni4+ along with LLZO oxidation is a key step for electrochemical degradation at 

NMC622|LLZO interface. Since oxidation state of Ni was heterogeneous, we expect 

inhomogeneous electrochemical degradation at the interface. 

Since charged states are heterogenous, applied stress on the system due to lattice parameter 

change of layered oxide cathodes is also heterogeneous. Tan et al. identified highly oxidized Ni 

around cracks in charged NMC811 particles, showing correlation between heterogeneousness of 

charged state and crack formation.161 Heterogeneousness of mechanical degradation is also seen 

in our thesis (Figure 45, Chapter 5), where there existed a region with few cracks and little 

delamination, and the other region with many cracks and severe delamination. We expect the 

issue in All-Solid-State Batteries would be more severe compared to the conventional cell with 

liquid environment. Even local crack formation at cathode|solid electrolyte can completely 

disconnect cathode particle from solid electrolyte, leading to irreversible capacity loss.  

Further study combining microscopy techniques (for structural analysis), and spectroscopy 

techniques (for chemical analysis) are required to fully understand the nature of 

heterogeneousness and is effect on electrochemical performance. Yu et al. performed in-situ X-

ray Fluorescence Microscopy combined with X-ray absorption Spectroscopy on Li-S batteries to 

investigate heterogeneous electrochemical reaction at the interface during cycling.162 We have 

demonstrated in chapter 4 that in-operando XAS characterization of cathode|solid electrolyte 

interface is possible with the model cell that we developed. Therefore, we expect study of 
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chemical heterogeneity at the interface with in-operando X-ray Fluorescence Microscopy to be 

possible. Correlation of findings on heterogeneousness in both electrochemical degradation and 

chemo-mechanical degradation will give more complete understanding of interfacial degradation 

during cell operation.  
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