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I 

Abstract 

All-solid-state lithium batteries (ASSLBs) have gained substantial attention owing to their 

excellent safety and high energy density.  However, the development of ASSLBs has 

been hindered by large interfacial resistance originating from the detrimental interfacial 

reactions, poor solid-solid contact, and lithium dendrite growth.  The research in this 

thesis aims at achieving high-performance ASSLBs via rational interface design and 

understanding the interfacial reaction mechanisms.   

At the cathode interface, an ideal dual core-shell nanostructure was first designed. 

Moreover, single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) cathode was compared with 

polycrystalline NMC532, the former exhibits much enhanced Li+ diffusion kinetics in 

ASSLIBs.  Besides, it is found that the interfacial structural degradation significantly 

impedes interfacial Li+ transport in ASSLIBs.  Fortunately, the interfacial coating is 

demonstrated to be effective in suppressing interfacial degradation.   

Furthermore, the ionic conductivity of interfacial layer LNTO was purposely tuned to 

investigate the effect of interfacial ionic conductivity on ASSLIBs, it is revealed that 

enhancing the interfacial ionic conductivity is very crucial for high-performance ASSLBs.  

The conclusion was confirmed by the in-situ growth of Li3InCl6.  The high 

Li+-conductive Li3InCl6 coated LCO demonstrates an ultra-small interfacial resistance of 

0.13 .cm-2 and excellent electrochemical performance.   

At the anode interface, an inorganic-organic hybrid interlayer and a solid-state plastic 

crystal electrolyte were successfully engineered to prevent the interfacial reactions and 

lithium dendrite formation. Last but not least, a solid-liquid hybrid electrolyte was 

developed as interfacial solid-liquid electrolyte interphase (SLEI) to achieve 

high-performance ASSLBs.   



 

II 

In summary, the discoveries in this thesis provide important guidance to achieve 

high-performance ASSLBs via rational interface design. 

Keywords 

All-solid-state lithium batteries, cathode interface, anode interface, Li metal anode, 

interfacial nanostructure, interfacial Li+ transport kinetics, molecular layer deposition, 

atomic layer deposition, interfacial reactions, solid-solid contact.   
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Lay Summary 

Because of the high energy density and a great safety feature, all-solid-state lithium 

batteries (ASSLBs) have aroused substantial attention in recent years.  However, large 

interfacial resistance originating from the detrimental interfacial reactions, poor 

solid-solid contact, and lithium dendrite growth hinders the realization of ASSLBs.  This 

thesis described various interfacial strategies to overcome the large interface resistance.  

In addition, advanced characterizations including synchrotron radiation and high-solution 

transmission electron microscopy (HRTEM) were adopted to understand interfacial Li+ 

transport kinetics and interfacial reaction mechanism.   

Specifically, an ideal dual core-shell nanostructure was first designed at the cathode 

interface, which demonstrates high-performance ASSLBs.  Furthermore, single-crystal 

cathodes were found much better than polycrystalline cathodes in ASSLBs.  Besides, via 

HRTEM and synchrotron radiation characterization, it is found that the oxygen loss from 

the cathode materials can deteriorate the interfacial structure change of oxide cathodes. 

Fortunately, the interfacial coating is demonstrated to be effective in suppressing 

interfacial structure change.  Moreover, it is also found that the interfacial ionic 

conductivity of the coating layer is very crucial for achieving high-performance ASSLIBs.  

Following this conclusion, a high Li+-conductive Li3InCl6 coating layer was in-situ grown 

on the LCO surface, demonstrating an ultra-small interfacial resistance.   

An inorganic-organic hybrid interlayer and a solid-state plastic crystal electrolyte were 

successfully engineered to prevent the interfacial reactions and lithium dendrite formation 

at the anode interface.  Last but not least, a solid-liquid hybrid electrolyte was developed 

as an interfacial solid-liquid electrolyte interphase (SLEI) for high-performance 

solid-state batteries.   

In summary, the discoveries in this thesis provide important guidance to achieve 
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high-performance ASSLBs via rational interface design. 
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Chapter 1 

1. Introduction 

1.1 Background and Motivation 

Lithium-ion batteries (LIBs) have been successfully applied to smart grids and consumer 

electronics since its commercialization in 1991 because of their high volumetric and 

gravimetric energy density, high power density, long lifespan, and no memory effect.1  

Due to the widespread use of LIBs, the Nobel Prize in chemistry in 2019 has been 

awarded to Stanley Whittingham, John Goodenough, and Akira Yoshino for their great 

contribution to the development of LIBs.  In recent years, a lot of fire/explosion 

incidents of mobile phones and electric vehicles caused public concerns on the safety of 

LIBs.  Besides, the high price and short driving mileage of electric vehicles per charge 

highly request for high-energy-density LIBs.2, 3 Therefore, the ever-increasing 

requirement on LIBs impels people to develop high-energy-density and high safety LIBs.  

All-solid-state lithium-ion batteries (ASSLIBs) are gaining worldwide attention due to 

potentially high energy density and improved safety.4-8  To achieve ASSLIBs, a 

solid-state electrolyte is an indispensable component.  Over the past decades, 

tremendous efforts have been devoted to developing highly Li+-conductive solid-state, 

such as oxide electrolytes, sulfide electrolytes (SEs), polymer electrolytes.8, 9  Among 

these solid-state electrolytes, SEs generally exhibits the highest ionic conductivity (10-3 ~ 

10-2 S/cm) and favorable mechanical property.  However, large interfacial resistance, 

bad air stability, and narrow electrochemical window of SEs significantly impede the 

development of SE-based ASSLIBs.  In recent years, a lot of exciting results and 

benchmark achievements on SEs and SE-based ASSLIBs have been demonstrated.    
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In this chapter, we first reviewed the state-of-the-art of the typical sulfide electrolytes, 

including thio-LISICON family (Li10±1MP2X12, M = Ge, Si, Sn, Al or P, and X = O, S or 

Se), Li argyrodites (Li6PS5X, X=Cl, Br, I), and gassy and glass-ceramic Li2S-P2S5 system, 

aiming at unraveling the relationship between the crystal structure and ionic conduction 

mechanism side the crystal structure (Figure 1-1).  Then, the recent progress on 

electrochemical and chemical stabilities of SEs were also examined and discussed, which 

is very critical for the large-scale application of SE-based ASSLIBs.  Next, the cathodic 

and anodic interfacial challenges between the cathode/anode and SEs together with the 

promising and emerging strategies are discussed, respectively.  Furthermore, the 

encouraging achievement of SE-based ASSLIBs and ASS Li-S batteries are summarized.  

To reveal the promise of SE-based ASSLIBs, manufacturing protocols for ASSLIBs were 

examined.  Last not but least, the thesis objectives and structure are listed at the end of 

this chapter.   

 

Figure 1-1 Overview of challenges and corresponding strategies of SEs and their 

ASSLIBs. 
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1.2 State-of-the-Art of Solid-State Sulfide Electrolytes  

1.2.1 Fundamental of Sulfide Electrolytes 

High ionic conductivity of solid-state SEs is one of the prerequisites for achieving 

high-performance ASSLIBs.  Understanding the behavior of lithium-ion (Li+) transport 

inside the solid-state electrolytes is fundamental and critical.  Up to now, the 

Nernst-Einstein relationship together with Fick Diffusion law is widely adopted to 

describe the Li+ conduction in the solid-state electrolytes.   

The ionic conductivity of solid-state electrolytes can be described by the Nernst-Einstein 

equation.11, 12   

𝜎 =  
𝜌𝑧2𝐹2

𝐾𝐵𝑇
 𝐷(𝑇)                               (1) 

where ρ is the molar density of diffusing ions in the unit cell. F, KB, and z are the Faraday 

constant, the Boltzmann constant, and the charge of lithium ions is +1, respectively.   

According to the Fick diffusion law, ions mobility in solid-state electrolytes can be 

described as below. 

𝐷 =  𝐷0𝑒−𝐸𝑎/𝐾𝐵𝑇                             (2) 

Where D0 is, Ea is activation energy for lithium-ion hopping through the solid-state 

electrolytes. KB is Boltzmann constant, T is the temperature in a Kelvin unit.   

Therefore, the ionic conductivity can be simply derived as: 

𝜎 =
𝐴0

𝑇
 𝑒−𝐸𝑎/𝐾𝐵𝑇                             (3) 

Where A0 is the pre-exponential factor, which combines molar density and other factors 
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and constants mentioned above.   

Based on this mathematical analysis, theoretically, there are two general ways to increase 

the ionic conductivity of SEs.  The first is to increase the concentration of diffusive Li+ 

in solid electrolytes, corresponding to molar density ρ in the equation (1).  For example, 

Masahiro Tatsumisago et al. found that increasing the percentage of Li2S in Li2S-P2S5 

composites increases the overall ionic conductivity of solid-state electrolytes.13  This 

conclusion was also verified by density functional theory calculation.12  The second 

approach is to increase the diffusion coefficient of lithium ions in solid-state electrolytes, 

which is to minimize the activation energy (Ea) for Li+ hopping between neighboring sites 

in solid-state electrolytes.  Gerbrand Ceder et al. conducted a theoretical simulation, 

finding that activation barriers for Li+ migration in solid electrolytes significantly affect 

the ion conduction.14   

Besides to the high ionic conductivity, other requirements of SEs should be met before 

the successful commercialization of SEs in ASSLIBs,15, 16 such as, (1) low electrical 

conductivity to avoid the self-discharge behavior on shelf, (2) low cost, (3) wide 

electrochemical window to adopt the high-voltage cathodes and high capacity anodes (e.g. 

Li metal),  and (4) excellent air-stability, which enable the process of SEs in dry room 

with a dewpoint (-50ºC~-70ºC).   

1.2.2 Typical Sulfide Electrolytes 

With theoretical guidance, a lot of effort has been made to develop solid-state SEs. 

Hitherto, a lot of SEs have been synthesized with high ionic conductivity (Table 1).  It 

should be highlighted that some representative SEs already exhibit the high ionic 

conductivity over that of conventional liquid organic electrolytes (10.2 mS.cm-1 for 1 M 

LiPF6, EC/DMC),3 such as Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS.cm-1),8  Li10GeP2S12 (12 

mS.cm-1),9 Li7P3S11 (17 S.cm-1), Li3.45[Sn0.09Si0.36]P0.55S4 (11 mS.cm-1).17  Here, to be 
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succinct, the typical solid-state SEs, thio-LISICON (Li10±1MP2S12,  M = Ge, Si, Sn, Al or 

P, and X = O, S or Se), argyrodites (Li6PS5X, X= Cl, Br, I), and glass-ceramic Li2S-P2S5 

system are selected for the discussion, giving the insight into the relationship between the 

crystal structure and ionic conduction mechanism side the crystal structure.    

Table 1-1 State-of-the-art of solid-state SEs in the aspect of ionic conductivity, 

activation energy, and crystalline structure. 

Chemical Composition 
Ionic Conductivity at RT 

(S/cm) 

Activation 

Energy  

Crystal 

Structure 
Ref. 

Li10GeP2S12 1.2  10-2 24 kJ/mol thio-LISICON 9 

Li10SnP2S12 4  10-3 0.60 eV thio-LISICON 18 

Li11AlP2S12 8.02 × 10-4 25.4 kJ/mol thio-LISICON 19 

Li9.54Si1.74P1.44S11.7Cl0.3 2.5  10-2 23 kJ/mol thio-LISICON 20 

Li9.6P3S12 1.2 × 10-3 25 kJ/mol thio-LISICON 8 

Li10+xGe1+xP2-xS12 

(x=0.35) 
1.42 × 10-2 24 kJ/mol thio-LISICON 21 

Li3.25Ge0.25P0.75S4 2.2 × 10-3 20 kJ/mol thio-LISICON 22 

Li10.35[Sn0.27Si1.08]P1.65S12 1.1 × 10-2 19kJ/mol   thio-LISICON 23 

Li6+xP1−xGexS5I 1.8 × 10-2 n/a thio-LISICON 24 

Li6PS5Cl 
1.9 × 10-3 

1.33 × 10-3 
0.38 eV Argyrodite 

25, 

26 

Li6PS5Br 6.8 × 10-3 0.32 eV Argyrodite 25 

Li6PS5I 4.6 × 10-7 0.26 eV Argyrodite 25 

Li7Ge3PS12 1.1 × 10-4 25 kJ/mol Argyrodite 27 

Li3.833Sn0.833As0.166S4 1.39 × 10-3 0.21 eV n/a 28 

Li7P3S11 17  10-2 17 kJ/mol Glass ceramic 29 

70Li2S.30P2S5 3.2 × 10-3  18 kJ/mol Glass ceramic 13 
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70Li2S.(30−x)P2S5·xP2O5 3 × 10-3 17 kJ/mol Glass ceramic 30 

75Li2S-25P2S5 2 × 10-4 34 kJ/mol amorphous 31 

 

1.2.3 Thio-LISICON (Li10±1MP2X12) Family 

The thio-LISICON family with a chemical formula of (Li10±1MP2X12, (M = Ge, Si, Sn, Al 

or P, and X = O, S or Se) possess a high ionic conductivity, thus arousing great interests 

of material scientists.3  Historically, the earliest study on the thio-LISICON system can 

date back to 2001 by Ryoji Kanno.22  They obtained an ionic conductivity of 2.2 x 10-3 

S/cm at 25 C by simply sintering the starting materials (Li2S, GeS2, and P2S5) at 700 C 

for 8 hours.  Late on, a series of thio-LISICON-typed lithium sulfide electrolytes were 

developed, such as ternary Li2S–SiS2–Al2S3 and Li2S–SiS2–P2S5 systems.32-36  With the 

continuous efforts, Kamaya et al. reported the lithium superionic conductor in 2011, 

Li10GeP2S12 (LGPS), which exhibited an unprecedented conductivity of 1.2 x 10-2 S cm-1 

at room temperature as shown in Figure 1-2a.9  This result literally sparks a new wave 

of enthusiasm in developing LGPS-typed sulfide electrolytes.37-42  Li10GeP2S12 also 

shows good electrochemical stability (5 V vs Li+/Li) against metallic lithium anodes 

(Figure 1-2b).  By synchrotron XRD and neutron diffraction measurements, the crystal 

structure of Li10GeP2S12 was clearly analyzed.  This superionic conductor has a 3D 

framework structure (Figure 1-2c) and one-dimensional (1D) Li conduction path along 

the c-axis (Figure 1-2d).43-45  The 1D conduction pathway is formed by LiS4 tetrahedra 

in the 16h and 8f sites, which share a common edge and form a 1D tetrahedron chain.  

These chains are connected by common corners of the LiS4 tetrahedra (Fig. 3e).  

Interestingly, Y. Mo et al reported that the Li+ transport of Li10GeP2S12 is not only along 

the c-axis, maybe also along two other pathways in the ab plane by ab initio molecular 

dynamics simulations.46  In 2016, R. Kanno et al. reported that a fast lithium superionic 

conductor Li9.54Si1.74P1.44S11.7Cl0.3, shows the three-dimensional (3D) conduction 
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pathways (1D along the c axis + 2D in the ab plane).  The highest conductivity (25 

mS.cm-1) of Li9.54Si1.74P1.44S11.7Cl0.3 is the highest among all reported solid electrolytes so 

far.20  In addition, the high ionic conductivity of LGPS is also confirmed by solid-state 

NMR technique, which shows that Li+ hopping in LGPS is nearly an isotropic process 

with a low activation energy of 0.22 eV.47 By the neutron diffraction and maximum 

entropy method, the one-dimensional Li+ conduction pathway of LGPS changes to a 

three-dimensional conduction pathway at elevated temperatures.45  Based on well-built 

knowledge of LGPS, the sodium analogs were also developed for all-solid-state 

sodium-ion batteries, such as Na10SnP2S12,
48 and Na11Sn2PSe12.

49   
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Figure 1-2 (a) Impedance plots of the conductivity data from low to high 

temperatures and Arrhenius conductivity plots of Li10GeP2S12. (b) Current-voltage 

curve of a Li/Li10GeP2S12/Au cell 1 mV s-1 between -0.5 and 5.0 V at 25 C.  (c) The 

framework structure and lithium ions that participate in ionic conduction. (d) 

Framework structure of Li10GeP2S12.  (e) Conduction pathways of lithium ions in 

Li10GeP2S12.   
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Figure 1-3 (a) Li-ion migration path (left panels) and calculated energy path (right 

panels) in bcc.  (b) Illustration of energy profiles for single-ion migration (pink) 

versus multiple-ion concerted migration (blue). (c) Energy landscape of single Li+ 

migration (upper) and the energy barrier of concerted migration (lower) in LATP, as 

calculated using the NEB method.  
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For a long time, the discovery of solid-state electrolytes is totally based on the intuition 

and trial and error experiments, which is tedious and ineffective.   Nowadays, the 

theoretical calculation has been widely conducted to rationally design sulfide electrolytes 

toward high ionic conductivity.50 Remarkably, Gerbrand Ceder et al. investigated the 

relationship between anion packing and ionic transport by comparing transport energy 

barriers of three crystal lattices: body-centered cubic (bcc), face-centered cubic (fcc), and 

hexagonal close-packed (hcp) lattices. It turns out that a bcc anion framework that 

allowed direct hopping of Li between adjacent tetrahedral sites possessing the lowest 

activation barrier (Figure 3a).14  More interestingly, Y. Mo et al revealed that 

lithium-ion hopping in superionic conductors is not a single ion migration process but a 

multi-ion concerted migration process.50  As displayed in Figure 3b and 3c, the energy 

barrier for single ion hopping in solid-state electrolytes is much higher than that of 

multi-ion concerted migration.    In addition, the phase stability, electrochemical 

stability, and ionic conductivity of Li10±1MP2X12 (M=Ge, Si, Sn, Al or P, and X=O, S or 

Se) were systematically compared by ab initio molecular dynamics (MD) simulations.51 

The results show that isovalent cation substitutions have a small effect on the similar 

phase stability, electrochemical stability, and Li+ conductivity, while aliovalent cation 

substitutions (M= Al or P) with corresponding changes in the Li+ concentration also seem 

to have a small effect on the Li+ conductivity. In addition, the oxygen-substituted 

Li10MP2O12 compounds are predicted not to be stable and have much lower Li+ 

conductivities than their sulfide counterparts, while the selenium-substituted Li10MP2Se12 

compounds show a marginal improvement in conductivity, but at the expense of reduced 

electrochemical stability.51   

Another concern of LGPS-typed solid electrolytes is costly because Germanium is highly 

expensive.  Therefore, the replacement of Ge with Sn, Al, Si to form Li10SnP2S12,
52, 53 

Li11AlP2S12,
19

  Li3.45Si0.45P0.55S4,
44 could substantially lower the raw material cost 

without sacrificing ionic conductivity too much.18  A lot of fast ion conductors with a 
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thio-LISICON structure show an ionic conductivity around 10-2 ~ 10-3 S/cm, as tabulated 

in Table 1.  Besides, a lot of sodium sulfide analogous with a thio-LISICON structure 

were also developed for all-solid-state sodium batteries.  For instance, Na10SnP2S12 was 

reported with the highest room-temperature ionic conductivity of 0.4 mS.cm-1,48 which is 

rivaling the conductivity of the best sodium sulfide electrolytes to date.   

1.2.4 Lithium Argyrodites (Li6PS5X, X= Cl, Br, I)  

The argyrodite family of compounds with the general formula A12-m-x
+(Mm+Y4

2-)Y2-x
2-Xx-, 

where A+ = Li+ , Cu+ , Ag+ ; Mm+ = Si4+, Ge4+, Sn4+, P5+, As5+; Y2- = O2-, S2-, Se2-, Te2-; X- 

= Cl-, Br-, I-; 0x 2 are named after the mineral Ag8GeS6.
54-57  Hans-Jorg Deiseroth et 

al. firstly identified that Li6PS5X is a class of lithium-ion conductors with an unusually 

high Li+ mobility.56  Following that, they conducted a series of research on the structure, 

phase transition, and lithium-ion conduction of lithium argyrodites by molecular 

dynamics simulation, solid-state NMR, and impedance spectroscopy,58-60 showing that 

lithium argyrodites with a cubic phase possess three-dimensional lithium-ion conduction 

pathways.55, 61  Virginie Viallet et al. reported that the room-temperature ionic 

conductivities of Li6PS5Cl, Li6PS5Br, and Li6PS5I are 6.2 × 10-4 S/cm, 4.6 × 10-4 S/cm, 

and 1.9 × 10-4 S/cm, respectively.26  Besides to the excellent ionic conductivity, the 

halogen argyrodites also show excellent electrochemical stability from 0 to 7 V versus 

Li+/Li and a low electronic conductivity on the order of 10−10 S/cm.26, 62  By virtue of 

density functional theory molecular dynamics simulations, Marnix Wagemaker et al. 

investigated the origin of the lithium-ion conductivity in argyrodite solid electrolytes,63 

elucidating that not only lithium-ion vacancies but the influence of halogen atoms on their 

local surroundings also play an important role in the Li-ion diffusion of Li6PS5Cl and 

Li6PS5Br.  In addition, the distribution of the halogen ions in the crystal structure results 

in the big difference in the lithium-ion conductivity between Li6PS5Cl and Li6PS5I, which 

is several orders of magnitude, suggesting that tuning the distribution of halogen ions in 
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lithium argyrodites during synthesis can increase the Li-ion conductivity of these 

materials.  Furthermore, simulations were also performed on Li5PS4X2 (X = Cl, Br, or I), 

which show Li-ion conductivities similar to those of Li6PS5Cl and Li6PS5Br, suggesting 

that the Li5PS4X2 compounds are interesting new compositions for solid-state 

electrolytes.63  In addition, lithium halides can enhance the electrochemical stability of 

solid-state sulfide electrolytes against metallic lithium anodes.64  As demonstrated by 

Ezhiylmurugan Rangasamy et al., iodine-based Li7P2S8I have a superior electrochemical 

window up to 10 V vs. Li+/Li.40  Comparing to LGPS-type sulfide electrolytes, lithium 

argyrodites can be easily synthesized by liquid methods, which is good for size and 

morphology control.65-67  However,  the ionic conductivity of sulfide electrolytes 

synthesized by liquid methods is generally lower than conventional solid-state sintering.66   

1.2.5 Glassy and Glass-Ceramic Li2S-P2S5 System 

Compared with crystalline solid-state sulfide electrolytes, glassy superionic conductors 

have several advantages such as isotropic properties for ion migration, wide selection of 

chemical composition, easy control of properties with changing chemical 

composition.68-70  Generally, the ionic conductivity in a glass is higher than that in the 

corresponding crystal as a glass usually has large free volume.68  In addition, a 

metastable phase, which is thermodynamically unstable at a given temperature, can be 

easily formed when heating a glass over the glass transition temperature (Tg).
71  In the 

case of crystallization from AgI-Ag2O-MxOy (M=B, Ge, P, Mo) glasses with extremely 

high concentrations of AgI, the high-temperature superionic phase of α-AgI was 

successfully precipitated and stabilized in a glass matrix to obtain an extremely high ion 

conductivity of 10−1 S/cm at room temperature.72, 73  Hitherto, a variety of sulfide and 

oxysulfide glassy electrolyte system have been developed.68, 69, 74-76   

In accordance with the Nernst-Einstein relationship we discussed above, there are two 
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universal approaches to enhance the ionic conductivity of a glassy electrolyte.  One 

strategy is to enhance charge carrier concentration; another one is to improve the mobility 

of carrier ions.68  To increase the carrier ion concentration is to vary the ratio of starting 

materials by different synthesis techniques, such as high-energy ball milling.  However, 

it is worthwhile to note that there is an optimum concentration of lithium-ion in Li2S-P2S5 

because increasing the concentration of lithium ions would also affect other factors, such 

as density, porosity, and crystal structure.12  To enhance the ion mobility of carrier ions, 

so far there are two strategies, one strategy is the utilization of “mixed-anion effect” by 

combining sulfide and oxide anions (in oxysulfide systems) and the other is the 

precipitation of superionic metastable crystals by careful heat-treatment of glasses.68, 70  

For example, Li2S-P2S5 glass-ceramics shows extremely high ionic conductivity (3.2 x 

10-3 S/cm) at ambient temperature with an extremely low activation energy of 12 

kJ/mol,13 which is much higher than that of glassy Li2S-P2S5.  In this glass-ceramic, the 

new superionic metastable crystalline phase Li7P3S11,
77, 78 which could not be obtained by 

the usual solid-state reaction, was precipitated by the heating of the glass.  These results 

suggest that the formation of a superionic metastable phase is the most remarkable 

advantage of glass-based solid electrolytes.  The enhancement is also attributable to the 

decrease of grain boundary resistance by the softening of glass powders at an elevated 

temperature.74  Up to now, the highest ionic conductivity of 1.7 × 10-2 S/cm with a low 

activation energy of 17 kJ/mol of the Li2S-P2S5 system has been reported via a hot 

pressing process to reduce the grain boundary resistance.29  

In addition, the increased surface energy of Li3PS4 could also enhance the surface 

conduction mechanism because the surface defects enhance the lithium vacancy.79, 80  

Bulk Li3PS4 is a γ phase that has a low ionic conductivity of 3 × 10−7 S cm−1 at room 

temperature.81, 82  When heated to 195 °C, γ-Li3PS4 is converted to the high-conduction 

β-Li3PS4 phase, which shows an abrupt increase of ionic conductivity in the Arrhenius 

plot as shown in Fig. 5a.  However, β-Li3PS4 is meta-stable at elevated temperature and 
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easily reverts to stable phase γ-Li3PS4 at the temperature under 195 °C.  So how to 

stabilize the high-conduction β-Li3PS4 at room temperature is a big challenge.  

Fortunately, C. Liang and coworkers discovered that by increasing the surface energy of 

Li3PS4, β-Li3PS4 could stable at room temperature owing to the chemical lattice 

distortion.79  Actually, this phenomenon is akin to the stabilization of a-AgI by reducing 

its particle size to the nanometer range.80, 83 Similar to the lithium argyrodites, glassy and 

glass-ceramic Li2S-P2S5 system also can be synthesized by the liquid method, such as  

β-Li3PS4
79 and Li7P3S11.

71, 84, 85   

1.3 Stability of Sulfide Electrolytes 

1.3.1 Chemical Stability of Sulfide Electrolytes 

Solid-state sulfide electrolyte is highly hygroscopic, causing the hydrolysis of solid-state 

sulfide electrolyte in moisture, thus generating harmful H2S gases.  To address this 

challenge, C. Liang et al. demonstrated that substituting tin with arsenic in Li4SnS4 

provides both a high ionic conductivity of 1.39 ×10-3 S cm-1 at room temperature and 

outstanding chemical stability to water.  The pristine Li4SnS4 has an ionic conductivity 

of 7.1 × 10-5 S cm-1 at 25 C.  Low concentration doping of As is causing a decrease in 

ionic conductivity.  The highest conductivity of 1.39 ×10-3 S cm-1 is achieved with a 

composition of Li3.833Sn0.833As0.166S4.  Impressively, after exposure to humid air, the 

ionic conductivity of Li3.833Sn0.833As0.166S4 were negligible comparing with that of 

-Li3PS4.
28  The excellent chemical stability of Li4-xSn4-xAsxS4 can be explained by the 

theory that soft acids, such as tin and arsenic, preferentially react with soft bases, like 

sulfur, rather than with hard acids, such as oxygen.28  Similarly, according to hard and 

soft acid and base (HSAB) theory, they also demonstrated the air-stable Na3SbS4 

synthesized by both solid-state sintering and solution-based process, 86, 87  In terms of the 

Li2S-P2S5 system, those having PS4
3- anions were reported to exhibit the highest chemical 
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stability, because the PS4
3- anion is more difficult to hydrolyze from the water in the air 

comparing to other ions (P2S7
2-).38   

Another general approach is to introduce new compounds into the Li2S-P2S5 system.  As 

demonstrated by Takamasa Ohtomo et al., the addition of x FeS to (1-x) 

(0.75Li2S·0.25P2S5) can suppress the generation of H2S gas.88  30 mol% FeS 

dramatically suppresses the generation of harmful H2S gas from the solid-state sulfide 

electrolytes.  The increase in the amount of FeS in xFeS (1-x) (0.75Li2S·0.25P2S5) 

linearly decreases the generation of H2S from the solid-state sulfide electrolytes, the 

optimal mole content of FeS in 0.75Li2S·0.25P2S5 is 40%.   

Instead of introducing compounds, elemental substitution also can ameliorate the 

air-stability of sulfide electrolytes.89  X. Xu et al demonstrated that Zn, O co-doping the 

Li3PS4 glass-ceramic  (Li3.06P0.98Zn0.02S3.98O0.02)exhibits excellent stability against 

humid air, lithium metal, and chlorobenzene solvent.89  L. Zhang et al report O-doped 

Li6PS5Br exhibits excellent dendrite suppression capability, superior electrochemical and 

chemical stability against Li metal as well as high voltage oxide cathodes, and good air 

stability.90  

So far, the air stability of sulfide electrolytes is a big hurdle, which dramatically limits the 

widespread application of sulfide electrolytes.  The current widely-used approach can 

improve air stability but sacrifice the ionic conductivity.  New strategies to enhance the 

air-stability of sulfide electrolytes without deteriorating their ionic conductivity should be 

developed in the future, such as nanostructured sulfide electrolytes with an air-stable 

outer layer.  As long as the outer layer does not block the Li+ diffusion between SE 

particles, both the high ionic conductivity and good air-stability can be achieved.   
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1.3.2 Electrochemical Stability of Sulfide Electrolytes 

To realize the high energy density of rechargeable lithium batteries, solid-state sulfide 

electrolytes are desired to couple with metallic lithium anodes and high-voltage cathodes.  

Thus, a large electrochemical window is required.  In the past, the electrochemical 

window of reported solid-state electrolytes, such as LGPS family, Li2S-P2S5, is boasted to 

be 5 V vs Li+/Li, which was evaluated by testing the cell with a structure of 

Li/electrolyte/inert metal at the scanning rate of 1 mV.s-1.  Recently, C. Wang et al. 

claimed that the electrochemical window of Li10GeP2S12 is overestimated.91  Based on 

theoretical calculation, the stable electrochemical window of Li10GeP2S12 is only from 

1.71 ~ 2.14 V vs. Li+/Li, as displayed in Figure 4a.  The CV curves also show the 

reduction peak of 1.7 V and the oxidation peak of 2.1 V as shown in Figures 4b and 4c.  

The oxygen substitution is probably a solution.92  A. Hayashi et al. reported that by 

substituting 3 mol% of P2O5 for P2S5 in the 70Li2S·(30−x)P2S5·xP2O5 glass-ceramics, an 

wide electrochemical window of the glass-ceramic was shown up to 10 V (vs. Li+/Li) 

while the ionic conductivity is still maintained at 3.0×10−3 S cm−1 at room temperature 

with the lowest activation energy of 16 kJ mol−1 for ionic conduction.  In addition, the 

introduction of halides may be another solution.  C. Liang et al found that induction of 

LiI to Li3PS4 can dramatically improve the electrochemical stability up to 10V Li+/Li.40  

Most interestingly, a core-shell structured Li-Si-P-S was designed.93 The more Si content 

was synthesized on the shell, which results in the stable window of 0.7 ~ 3.1 V. It should 

be mentioned that the stable window is much larger than theoretical prediction (1.7 ~ 2.1 

V).  In the future, electrochemically stable solid electrolytes should be developed, which 

also bring in the benefit at the interfacial stability against both cathode and anode 

materials. 
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Figure 1-4 (a) The first-principles calculation results of the voltage profile and phase 

equilibrium of LGPS solid electrolyte upon lithiation and delithiation.  Cyclic 

voltammetry of Li/LGPS-Pt/Pt semi-blocking electrode at a scan rate of 0.1 mV.s-1 in 

the voltage range of 0-2.0 V (b) and 1.0-3.5 V (c).   

As a short summary, the ionic conductivity (around 10-2 S/cm) of sulfide electrolytes so 

far is comparable to that of conventional liquid electrolytes. However, the synthesis of 

sulfide electrolytes is mainly based on time-consuming ball milling and energy 

consumption high-temperature solid-state sintering method.  In recent years, 

liquid-phase synthesis was developed to synthesize the sulfide electrolytes, but the ionic 
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conductivity is generally lower than that synthesized by solid-state methods.  Therefore, 

the effective and economical methods to obtain sulfide electrolytes with high ionic 

conductivity are highly demanded.  In addition, the air-stability of sulfide electrolytes 

should be significantly improved by either elemental substitution or nanostructure design.  

Moreover, to guarantee the superiority of ASSLIBs in terms of energy density and safety, 

the electrochemical window of sulfide electrolytes should be expanded to enable the use 

of lithium metal and high-voltage cathodes.   

1.4. Interface Challenges of SE-based ASSLIBs 

As summarized in Table 1, the ionic conductivities of some solid-state sulfide electrolytes 

almost rival that of conventional organic liquid electrolytes (~10-2 S/cm).  However, the 

state-of-the-art electrochemical performances of ASSLIBs are still behind those of liquid 

electrolyte-based lithium batteries.  The reason is the huge interfacial resistance, which 

is originated from the inferior solid-solid contact and significant interface reactions, 

impeding Li+ transport across the electrode/electrolyte interface.  In addition, the space 

charge layer at the cathode interface also impedes the lithium-ion transfer, as revealed in 

previous studies.94, 95  In the following section, cathodic and anodic interfacial behaviors 

in SE-based ASSLIBs will be discussed together with the promising strategies, 

respectively.   

1.4.1 Cathode Interface of SE-based All-Solid-State Lithium 

Batteries 

Space charge layer formation, interfacial reactions, and interfacial ionic contact between 

the cathode materials and SEs are three main challenges in SE-based ASSLIBs.96, 9796, 

98-100 Specifically, the Li+ will transport from SEs to cathode material to reach a chemical 

equilibrium, especially in the first charging process, leading to a lithium-deficient layer at 
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the interface, which generally exhibits large interface resistance.96  The second one is the 

interfacial reactions96, 97  For instance, mutual diffusions of Co, P, and S at the interface 

between LiCoO2 and Li2S-P2S5 were clearly observed by scanning transmission electron 

microscopy with energy dispersive X-ray spectroscopy.97  Thirdly, improving the 

interfacial ionic contact can dramatically improve the rate-performance of ASSLIBs.101  

(i) Space Charge Layer  

The concept of a “space charge layer” was first put forward by Carl Wagner in 1972 to 

explain the interfacial electric conductivity between two semiconductors.102  Afterwards, 

J. Maier made great efforts on understanding the effects of the space charge layer on 

various solid-solid interfaces.103  In recent years, the space charge layer was extended to 

explain the cathodic interfacial phenomenon of all-solid-state lithium batteries.104  In 

view of this, understanding the origin of the space charge layer is necessary and critical 

for developing solid-state electrolytes towards ASSLIBs.  Typically, two models were 

put forward to explain the interfacial carrier redistribution: Gouy-Chapman model and 

Mott-Schottky model,94 which are addressing general solid-solid interface.  Below we 

take the sulfide electrolyte/oxide cathode interface as an example, which would be more 

constructive for developing solid-state sulfide electrolytes.   

As schematically shown in Figure 1-5a, due to the difference in chemical potentials 

between the solid-state sulfide electrolyte and oxide cathode, a space charge layer forms 

at the boundary in accordance with thermodynamic equilibrium.  Generally, oxides have 

a higher chemical potential than sulfides, thus lithium ions thermodynamically transfer 

from solid-state electrolytes to oxide cathodes to reach thermal dynamic equilibrium, 

forming a lithium-depletion layer at the cathodic surface.105  Meanwhile, electrons of 

oxide cathodes, which are generally a mixing conductor, will eliminate the concentration 

of lithium interstitials at the interface, extending the thickness of the space charge layer.  

Since the transferring capability of lithium ions at the interface is subjected to the 



20 

 

movement of lithium interstitials, the lithium-depletion layer will definitely enlarge the 

interfacial resistance, increasing the polarization and worsening the rate capability.  The 

DFT calculation clearly showed the preferential removal of lithium ions from the Li3PS4 

side upon charging.  As shown in Figure 1-5c, when the oxide cathode (FePO4) 

contacted with sulfide electrolytes, part of lithium ions in the electrolyte move to cathode 

structure.106  This result reveals that the space-charge layer appears as a lithium-depleted 

layer at the LiFePO4/Li3PS4 interface, which should make the interface highly resistive 

owing to the absence of charge-carrying lithium ions.98   

When an intermediate layer interposed between the oxide and sulfide, the space charge 

layer can be ameliorated (Figure 1-5b). To clarify the effect of the buffer layer at the 

interface, Y. Tateyama et al. also performed the theoretical calculation on the 

LiCoO2/-Li3PS4 interface and discussed the Li+ behavior at the interface with and 

without interfacial layer.96 As shown in Figure 1-5d, due to their chemical potential 

difference, lithium-ion redistribution occurs when the LCO contacts with LPS.  

Comparatively, the LiNbO3 (LNO) buffer layer can alleviate the ion redistribution due to 

its low electronic conductivity.  More interestingly, the calculation results found that the 

surface adsorption of Li+ is the main contribution to the equilibrium space charge layer 

(Figure 1-5e).   The LCO/LPS interface has more has attractive Li adsorption sites 

while the interposition of the LNO buffer layer forms a smooth interface without Li+ 

adsorption sites.  Thus, the interposition of LNO can eliminate the Li+ surface adsorption, 

mitigating the space charge layer.  In the initial stage of charging (Figure 1-5f), lithium 

ions at the LCO/LPS interface are expected to transfer into the bulk LPS by releasing the 

electron to the cathode. This is the underlying reason for the observed voltage profile 

slope at the beginning of charging in many experimental results.106-108  Recently, it was 

demonstrated that removing carbon additives from cathode composites also can eliminate 

the slope at the beginning of charging.107, 108  Actually, the introduction of carbon 

additives also aggravates the space charge effect at the interface between the cathode and 
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sulfide electrolytes.   Moreover, some researchers also revealed that the space charge 

effect in the cathode/oxide electrolyte interface has a negligible effect on the lithium-ion 

transfer across the interface.109, 110  In the future, the quantitative studies on the space 

charge effect are recommended.   

 

Figure 1-5 (a) The two-phase boundary of oxides and sulfides, and the defect 

chemistry situation after the formation of SCL;  (b) Introduction of ionic-conducting 

intermediate layer (IL) between the two phases;94  (c) Interface structure between 

FePO4 and Li3PS4 before and after the FP-MD.  Schematic illustrations of the 

interfacial Li concentration. (d-f) The equilibrium concentrations expected by the 

conventional model and indicated by the present calculations for the LCO/LPS 

interface (a and c) as well as the LCO/LNO/LPS (b and d). The Li concentrations in 

(e) and (f) describe the expected changes at the initial stage of charging for both 

interfaces, respectively.   
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(II) Interfacial Reactions at the Cathode Interface 

Besides the space charge effect, the interfacial reaction is another contributor to the huge 

interfacial resistance.  Numerous studies based on either first-principles calculations or 

experimental investigation have revealed that undesirable chemical reactions or elemental 

diffusions at the electrode/sulfide interface during the charge-discharge process.111, 112  A. 

Sakuda et al. first conducted the transmission electron microscopy study on the interface 

between LiCoO2 and Li2S-P2S5, clearly observing a 10 nm interfacial layer at the 

interface, which is resulted from the elemental diffusion of Co, P, and S.(Figure 1-6a)97  

By first-principles calculations, Y. Tateyama et al. revealed that the mixing of Co and P is 

energetically preferable to the unmixed states at the LiCoO2/-Li3PS4 interface.111  

Moreover, the surface-sensitive X-ray photoelectron spectroscopy (XPS) has been widely 

adopted to characterize the interfacial reactions between the electrode materials and 

sulfide electrolytes.113-115  As shown in Figure 1-6b,  sulfides electrolytes are oxidized 

to elemental S, sulfites, phosphates, and high-oxidization-state P2Sx compounds after 25 

chare-discharge cycles.113  These highly insulative interphases dramatically hinder the 

Li+ transfer across the electrode/electrolyte interface.   

To mitigate the interfacial reactions, a buffer layer is generally interposed between 

electrodes and sulfide electrolytes.114, 116  So far, both lithium-ion conducting coating 

layers, such as LiNbO3,
117 Li4Ti5O12,

118 and Li2SiO3,
97, 119 or oxides, for instance, Al2O3, 

TiO2, and even ternary BaTiO3, are reported to dramatically reduce the cathodic 

interfacial resistance.  By the first-principles calculation, Y. Mo et al revealed that 

Li-Ta-O, Li-Nb-O, Li-Si-O, Li-Ti-O, and Li-P-O possess a wide electrochemical window 

(Figure 1-6c), suggesting that these coating materials are stable at the 

electrode/electrolyte interface during the cycling.120  Up till now, these coating materials 

have been verified in experimental studies.  Table 1-2 lists out the coating materials and 

coating techniques for suppressing interface resistance of all-solid-state batteries.  It is 
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obvious that the coating materials are generally developed by sol-gel methods or spraying 

coating, which are very difficult to control the thickness and uniformity of the critical 

coating layer.  As a remedy, X. Sun et al synthesized Li-Nb-O,121 Li-Si-O,122 Li-Ta-O,123 

Li-P-O,124 Li-Ti-O125 by atomic layer deposition, which shows a great advantage on the 

thickness controllability and conformality (Figure 1-6d).  Most interestingly, G. Ceder 

et al predicted that LiPO3 possesses a wide electrochemical window, which can be a good 

coating material for high-voltage cathodes, such as LiNi0.5Mn1.5O3, LiCoPO4.
126   

Table 1-2. Surface coating that has been developed so far for suppressing interfacial 

resistance.   

Cathode Coating materials Coating technique Reference 

LiCoO2 Li2SiO3 Sol-gel method Akitoshi Hayashi (2009)127 

LiCoO2 Li4Ti5O12 Spray coating Kazunori Takada (2006)118 

LiCoO2 LiNbO3 Spray coating Kazunori Takada (2007)117 

LiMn2O4 LiNbO3 Spray coating Kazunori Takada (2012)99 

LiCoO2 

LiTaO3 

LiNbO3 

Li4Ti5O12 

Spray coating Kazunori Takada (2008)128 

LiCoO2 Al2O3 Atomic layer deposition Se-Hee Lee (2012)129 

LiNi0.5Mn1.5O4 LiNbO3 Sol-gel method Masaaki Hirayama (2016)130 

LiNi0.8Co0.15Al0.05O2 Li2O-ZrO2 Sol-gel method Yuichi Aihara (2014)131 

NiS Li2S-P2S5 Pulsed laser deposition Masahiro Tatsumisago (2013)132 
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Figure 1-6 (a) Cross-sectional HAADF- STEM image of LiCoO2/Li2S-P2S5 interface 

after initial charging and cross-sectional EDX line profiles for Co, P, and S elements. 

The arrow presents the positions at which EDX measurements were taken.97 (b)  S 

2p and P 2p XPS spectra of the composite LCO electrode of LCO/Li6PS5Cl/Li−In 

half-cells: before cycling (pristine), after 25 cycles, and after 25 cycles with increasing 

etching depths of the electrode from 5 to 20 µm. (c) Electrochemical window of the 

proposed and previously demonstrated coating layer materials applied between SEs 

and cathode materials. The dashed line marks the equilibrium voltage to fully 

de-lithiate the materials.120  (d) The ALD deposition of Li-Ti-O, Li-Nb-O, Li-Ta-O, 

Li-Si-O, and Li-P-O interfacial coating materials for SE-based ASSLIBs.  

 

(III) Improvement of Solid-Solid contact in the Cathode of ASSLIBs 

Apart from the space charge layer and interfacial reactions, solid-solid contact between 

electrode materials and sulfide electrolytes also dramatically limit the current drain.  
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Improving the solid-solid contact in solid-state lithium batteries can dramatically improve 

the electrochemical performance of solid-state lithium batteries.133-135  A very general 

approach to improve the solid-solid contacts is to use a soft or liquid-state lithium-ion 

conductive material.135  However, due to the highly reactive nature of sulfide 

electrolytes, it is very challenging to find the suitable soft and liquid-state lithium-ion 

materials for sulfide-based ASSLIBs.  Y. Jung et al. reported an ionic liquid 

(trimethylene glycol dimethyl ether and LiTFSI with a high Li salt concentration) exhibits 

excellent compatibility with SEs.101, 136  Using a small amount of the ionic liquid, the 

ionic contact in the cathode composites is dramatically improved (Figure 1-7a).  In 

addition, a plastic crystal electrolyte (succinonitrile-based LiTFSI) was found compatible 

with sulfide electrolytes, which can also improve the ionic contact in the cathode 

composites and suppress lithium dendrite formation at the anode interface (Figure 

1-7b).137   

Another approach to improve the solid-solid contact is to employ soluble sulfide 

electrolyte, which is a homogeneous sulfide solution, to coat the cathode materials or 

even infiltrate into the conventional electrodes (Figure 1-7c).  After evaporating all the 

solvents and post-annealing, the intimate ionic contact between electrode materials and 

sulfide electrolytes can be guaranteed, as shown in Figure 1-7d.  Using this approach, 

the large-scale roll-to-roll process can be adopted for fabricating the bulk-type 

all-solid-state lithium batteries.66, 138  Impressively, some air-stable soluble sulfide 

electrolytes and soluble sodium analogs are also developed.86, 139  However, the soluble 

sulfide electrolytes generally show relatively low ionic conductivity (< 10-3 S.cm-1) even 

after post-annealing.133, 134, 140  In addition, the solvent selection is also very critical for 

the soluble sulfide electrolytes.67  In the future, it is highly desired to develop a green, 

effective and economic synthesis route to obtain the soluble sulfide electrolyte with high 

ionic conductivity and good air stability.   
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Figure 1-7 (a) Schematic diagram representing the microstructure of the composite 

electrodes without and with ionic liquids (LiG3), showing that LiG3 improves the 

imperfect solid-solid contacts. Carbon additives included in the composite electrode 

are not shown in the scheme. (b) Schematic diagram of ASSLMBs versus ASSLMBs 

with the PCE interlayer.  (c) Schematic diagram illustrating fabrication of 

sheet-type electrodes and ASLBs applying solution process of SEs; coating and 

infiltration with SEs.66 and (d). Schematic illustration of the mixture electrode and 

the 0.4LiI-0.6Li4SnS4 -coated LiCoO2 electrode. The dark blue and yellow regions 

indicate LiCoO2 and SE, respectively.  FESEM surface images of 0.4LiI-0.6Li4SnS4 

/LiCoO2 mixture electrode and d) 0.4LiI-0.6Li4SnS4 -coated LiCoO2 electrode. The 

arrows indicate void spaces.139   

At the cathode interface, it is well-acknowledged that the space charge layer, interfacial 

reactions, and solid-solid contacts between cathode materials and sulfide electrolytes are 

three barriers limiting the advancement of SE-based ASSLIBs.  In the future, advanced 

characterization techniques, such as high-resolution TEM and synchrotron-based analysis, 
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are suggested to reveal the detailed and systematic interfacial information.  In addition, 

in-situ characterization should be developed to deepen the understanding of interfacial 

lithium-ion transfer behaviors in SE-based ASSLIBs.  Moreover, the durability and ionic 

conductivity of the interfacial coating layer should be examined.  The soluble sulfide 

electrolytes are very promising to improve the solid-solid contact and also compatible 

with roll-to-roll fabrication process.  Nevertheless, it is worthy to note that there is still a 

big room for the improvement of the ionic conductivity of soluble sulfide electrolytes.   

1.4.2 Anode Interface of SE-based All-Solid-State Lithium 

Batteries 

Among all the known anode materials, the lithium metal anode, which has high 

theoretical capacity (3862 mAh g-1), the lowest operating potential (-3.040 V vs standard 

hydrogen electrodes (SHE)), is supposed to be an ideal anode for all types of 

high-energy-density lithium batteries, including lithium-sulfur batteries and Li-air 

batteries.4, 141-144 However, severe safety concerns, associated with eventual internal short 

circuits caused by the lithium dendrite growth during the repeated lithiation and 

delithiation process, impede the commercialization of lithium metal anodes in lithium 

ions batteries.145  Solid-state electrolytes maybe give a new opportunity to the use of 

lithium metal as the anode, maximizing the energy density of current lithium-ion batteries 

and pushing forward the development of the next-generation lithium-sulfur batteries and 

lithium-oxygen batteries.4, 145  However, when contacting a lithium metal anode, SEs are 

thermodynamically reduced to form new phases, such as Li2S, Li3P,95, 146 leading to the 

large interfacial resistance.  In addition, lithium dendrites still grow through the grain 

boundary, resulting in the short circuits in solid-state batteries.  Therefore, the interfacial 

reactions and lithium dendrite formation are two big challenges facing the Li/SE anode 

interface.   
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Figure 1-8 (a) Illustration of Different Types of Li Metal-SE Interfaces.  Type 1: 

Stable interface. Type 2: MIEC, Type 3: SEI.  (b) .  X-ray photoelectron spectra 

recorded during the deposition of 31 nm Li metal on Li10GeP2S12. S 2p, Ge 3d, and P 

2p/Ge 3p detail spectra are shown for different deposition states.  With increasing Li 

deposition time LGPS decomposes.  The identified species are marked and labeled in the 

spectra.147  Reproduction with permission from ref.55.  (c)  Schematic of the 

experimental set-up for operando NDP.148 (d) An inorganic-organic hybrid interphase 

enabled by molecular layer deposition suppress the interfacial reactions and lithium 

dendrite formation between Li10SnP2S12 and Li metal interface.   (e)  Schematic 
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diagrams of the Li/Li7P3S11 interface with a uniform thin LiF (or LiI) interphase layer 

and HFE (or I solution) infiltrated sulfide electrolyte.149  (f) Galvanostatic cycling of the 

Li/LPS/Li and Li/LPS30I/Li cells at constant current densities at a,b) 25 °C, c,d) 60 °C, 

e,f) and 100 °C. The time for each charge and discharge is 1 h. 

Over the past years, a lot of investigations based on either in-situ characterizations or 

theoretical calculations have shown that SEs are not stable against Li metal.150-157.  To 

clarify the anode interface, three types of the Li-SE interface are proposed 151, 158 (I) Type 

I: the stable interface, in which the solid electrolytes are thermodynamically stable against 

Li metal (Figure 8a).  Naturally, the interfaces with Li binary compounds, such as 

Li/LiF, Li/Li3N, Li/Li2S, and Li/Li2O, belong to this type. (II) Type II: the mixed 

ionic-electronic conducting interphase (MIEC), in which the sulfide electrolytes are 

thermodynamically unstable against reaction with Li metal, and both the electron and 

lithium-ion can penetrate through, leading to the continuous decomposition of sulfide 

electrolytes and consequently the short circuits of all-solid-state batteries.  (III) Type III: 

solid electrolyte interphase (SEI), which shows sufficient ionic conductivity but 

negligible electronic conductivity, thus the SEI is non-growing and can suppress the 

interfacial reactions and lithium dendrite formation.147, 152 Ideally, the stable and 

non-growing SEI is favorable as long as the resulting resistance and IR drop across the 

SEI layer is not too large.   

J. Janek et al. developed in-situ X-ray photoelectron spectroscopy (XPS) to probe the 

interfacial instability of L10GeP2S12 at the lithium metal anode.  In combination with 

time-resolved electrochemical measurements, in-situ XPS offers detailed information on 

the chemical reactions at the Li/LGPS interface.  The decomposition of Li10GeP2S12 

leads to the formation of an MIEC interphase composed of Li3P, Li2S, and Li-Ge alloy 

(Figure 1-8b).147  These decomposed compounds are also predicted by DFT 

calculations.112   
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Another challenge to develop SE-based ASSLMBs is the lithium dendrite formation.159  

M. Tatsumisago et al. firstly use in-situ SEM to investigate the lithium deposition and 

dissolution mechanism in bulk-type solid-state lithium batteries with Li2S-P2S5 

glass-ceramics.160  At a high current density, uniform lithium deposition triggers large 

cracks, leading to irreversible lithium deposition and dissolution. But the unfavorable 

cracks could be avoided using a small current density.161  Remarkably, by virtue of the 

operando neutron diffraction profile (NDP) study (Figure 1-8c), it was revealed by C. 

Wang et al that the lithium dendrite formation in solid-state electrolytes is due to their 

high electronic conductivity.  Therefore, minimizing the electronic conductivity of 

solid-state electrolytes instead of increasing their ionic conductivity is very critical for 

eliminating the lithium dendrite formation in ASSLIBs.148   

To suppress the interfacial reactions and lithium dendrite formation at the SE/Li anode 

interface.  Various strategies have been proposed over the past years.  The widely 

adopted approached is surface modification.28, 162, 163  As an example, an inorganic and 

organic hybrid interlayer as an artificial SEI, which was deposited by molecular layer 

deposition, was engineered at the Li10SnP2S12/Li metal interface (Figure 1-8d).  The 

results confirm that artificial SEI can spontaneously suppress the interfacial reactions and 

lithium dendrite formation.   In addition, the LiF or LiI interphase layers, which are 

stable against Li metal,95 were also proven very effective to suppress the interfacial 

reactions and lithium dendrite formation (Figure 1-8e).  Apart from the external coating 

and/or interfacial modification, it is very attractive to solve above-mentioned interfacial 

issues by tuning the composition of SEs.64, 90, 149  For example, C. Wang et al 

demonstrated that the critical current density is improved significantly after incorporating 

LiI into Li2S-P2S5 glass, reaching 3.90 mA cm−2 at 100 °C after adding 30 mol% LiI.  In 

addition, stable cycling of the Li-Li cells for 200 h is also achieved at 1.50 mA cm−2 at 

100 °C (Figure 1-8f).64   
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Although the interfacial reactions and lithium dendrite formation at the SE/Li interface 

can be suppressed by either external interface modification or tuning the internal 

composition of SEs.  The area capacity for Li plating/stripping is around 0.1 ~ 0.5 

mAh.cm-2, which is definitely far from the requirement of the real application of Li metal.  

Furthermore, the Coulombic efficiency of Li metal in solid-state batteries has never been 

examined so far.  To ensure the long cycling life (>2000 cycles) of Li metal, the 

Coulombic efficiency of Li metal must be higher than 99.99%, provided that 20% Li are 

consumed during the electrochemical cycling.   

1.5 Demonstrations of SE-based ASSLIBs 

1.5.1 Solid-State SE-based ASSLIBs 

Due to the high ionic conductivity of SEs, high-performance ASSLIBs have been widely 

demonstrated.  In 2011, R. Kanno et al demonstrated the excellent reversibility of 

LiCoO2 with highly ion-conductive Li10GeP2S12 at the current density of 14 mA.g-1 (0.1C) 

(Figure 1-9a).  With continuous efforts.  In 2016, Li9.54Si1.74P1.44S11.7Cl0.3 was reported 

to show the highest conductivity of 2.5 × 10−2 S cm−1.  The 

Li9.54Si1.74P1.44S11.7Cl0.3-based ASSLIBs exhibited not only the excellent cycling 

performance with 75% of the first discharge capacity remaining after over 500 cycles and 

Coulombic efficiency of 100% but also the excellent rate capabilities with discharge 

current densities of 150 C at 25 C and 1500 C at 100 C. 8 The high power density is 

comparable to that of supercapacitors.8  Moreover, the high-capacity and high-voltage 

electrodes have also been investigated in SE-based ASSLIBs, such as 

LiNi0.8Co0.15Al0.05O2,
164 LiNi1/3Mn1/3Co1/3O2,

165 LiNi0.6Co0.2Mn0.2O2,
166

 

LiNi0.8Co0.1Mn0.1O2,
115 LiNi0.5Mn1.5O4, 

130  As demonstrated by Masaaki Hirayama et al., 

the high-voltage cathode, LiNi0.5Mn1.5O4, delivers a specific capacity of 80 mAh.g-1 with 

an average voltage of 4.3 V, using Li10GeP2S12 solid-electrolytes and Li metal 
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anodes.(Figure 1-9b)130   

When comparing the electrochemical performance of these electrode materials in 

solid-state batteries with those in liquid electrolytes, the capacity and cycling stability of 

ASSLIBs are generally lower.  Generally, these high-voltage electrodes exhibit a high 

electrochemical potential than sulfide electrolytes, thus the interfacial reactions between 

electrodes and SEs cannot completely be suppressed even by interfacial coating.  As a 

consequence, the cycling stability of these electrodes are not as stable as those of liquid 

electrolytes.  In addition, the volume change of electrode materials during the 

charge-discharge process results in the “contact loss” between electrodes and SEs.115, 167  

Using zero-strain materials as the electrode, such as Li4Ti5O12, solid-state batteries exhibit 

remarkable cycling performance within 700 cycles (Figure 1-9c).  Moreover, the 

electrode-electrolyte contact plays an important role in the capacity of ASSLIBs.132  The 

conventional dry mixing leads to the point-to-point contact between electrodes and SEs, 

while solution-based methods can increase the electrode-electrolyte contact by coating the 

electrode particles with SEs, which can dramatically improve the capacity of ASSLIBs 

(Figure 1-9d).168   

Although a lot of encouraging achievements in ASSLIBs have been made, cell-based (not 

electrode-material-based) energy density is in a stage of infancy.  To enable both 

volumetric and gravimetric energy density of ASSLIBs comparable with those of 

commercial lithium-ion batteries, the desired thickness of the SE layer should be less than 

50 µm, according to the numerical analysis.169, 170  Therefore, achieving a thin film of 

solid-state electrolyte is of vital importance, although it is technically very challenging.171  

Meaningfully, Y- Jung et al. on the first-ever reported a bendable and thin sulfide solid 

electrolyte film reinforced with a mechanically compliant poly(paraphenylene 

terephthalamide) nonwoven (NW) scaffold, which enables the fabrication of free-standing 

and stackable ASLBs with high energy density and high rate capabilities (Figure 1-9e).  
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The ASLB, using a thin (∼ 70 μm) NW-reinforced SE film, exhibits a 3-fold increase of 

the cell-energy-density compared to that of a conventional cell without the NW 

scaffold.138  In the future, developing advanced techniques for the fabrication of SE thin 

film with a low cost is very critical for the practical application of all-solid-state lithium 

batteries.   

As a short summary, to enable ASSLIBs, there are several parameters to be considered.  

(1) The interfacial reactions between the electrode and SEs should be totally suppressed 

to enable long-term cycling stability.  (2) The electrode-electrolyte contact area should 

be maximized either by physical deposition or solution method coating.  (3) The volume 

change of electrode materials can result in the “loss contact” between the electrodes and 

SEs.  Therefore, the strategies to accommodate the volume change of ASSLIBs need to 

be developed in the future.  (4) Last but not least, the advanced techniques, such as 3D 

printing, to fabricate the thin SE layer to increase the cell-level energy density of 

ASSLIBs should be developed.   
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Figure 1-9 (a) Charge-discharge curves of LiCoO2 in all-solid-state batteries at 14 

mA.g-1.  (b) Charge and discharge curve of LiNi1.5Mn0.5O2/Li10GeP2S12/Li solid-state 

batteries  (c) Long-term cycling stability of the Li4Ti5O12 anode in ASSLIBs (d) The 

discharge curves of LiNi1/3Mn1/3Co1/3O2 electrodes prepared by conventional dry 

mixing and solution process.168  (e) Schematic diagram of the nonwoven scaffold 
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reinforced free-standing ASSLIBs.  (f) The charge-discharge curves of mono-cells 

and bipolar cells.   

1.5.2 SE-based All-Solid-State Lithium-Sulfur Batteries 

Lithium-sulfur (Li–S) batteries have been considered as one of the most promising 

next-generation battery technologies with the potential of possessing energy densities at 

least twice those of state-of-the-art Li-ion batteries.172, 173  However, the intermediate 

polysulfides, especially the long-chain polysulfides, easily dissolve in the liquid 

electrolyte causing the “shuttle effect”.174  The notorious phenomenon leads to fast 

capacity degradation, low Coulumbic efficiency, severe self- discharge.175, 176  To solve 

this headache problem, the replacement of liquid organic electrolytes with solid-state SEs 

may be the ultimate approach.177  Therefore, SE-based all-solid-state Li-S batteries have 

been demonstrated.178-180  A glass-type 75Li2S–25P2S5 (stoichiometric Li3PS4) 

electrolyte has been applied to develop high-performance solid Li–S batteries.  An initial 

capacity as high as 1600 mAh g-1 with a high Coulumbic efficiency of 99% was 

demonstrated.181  Besides, no obvious capacity degradation within 100 cycles was 

observed.  However, all-solid-state Li/S batteries exhibit a very low utilization of active 

materials.182  Now it is widely acknowledged that the three-phase interface between 

active materials, carbon additives, and SEs is very critical to achieve high reversible 

capacity in ASSLSBs.  Therefore, a lot of nanocomposites have been rationally designed 

to achieve both high capacity and long cycling stability.  For example, C. Wang et al 

synthesized a nanocomposite consisting of nanosized Li2S, carbon matrix, and Li6PS5Cl. 

The homogeneous nanocomposite electrode achieved a large reversible capacity of 830 

mAh/g (71% utilization of Li2S) at 50 mA/g for 60 cycles.183  Chengdu Liang’s group 

fabricated core-shell structured Li2S nanoparticles with Li2S as the core and Li3PS4 as the 

shell, functioning as the lithium superionic sulfide (LSS) cathode for lithium–sulfur 

batteries.184 which shows an initial discharge capacity of 1216 mAh g-1 (based on the 
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sulfur content) at 60 C, which accounts for a 73% utilization of Li2S, and still maintains a 

70% capacity after 100 cycles.   
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Figure 1- 10 (a). Long-term cycle performance of the cell with 80Li2S·20LiI electrode 

materials for 2000 cycles at 2C and (b) its charge-discharge curves.  (c) Long term 

cycling stability of Co8S9/Li7P3S11 composites at 1.27 mA.cm-2.84  (d) Schematic 

diagram of an all-solid-state Li–Se battery. (e) Typical discharge/charge profiles of Se 

and S cathodes in all-solid-state batteries at 50 mA g-1 at room temperature. (f) 

Cycling performance at 50 mA g-1 and corresponding Coulombic efficiencies of 

all-solid-state Li-Se batteries.   

M. Tatsumisago et al demonstrated that using lithium halides (LiCl, LiBr, and LiI) can 

dramatically improve the utilization of Li2S in ASSLS batteries.  Specifically, 

80Li2S.20LiI can achieve 1100 mAh.g-1 at 0.5C (corresponding to 95% of theoretical 

capacity) and 980 mAh.g-1 at 2C (Figure 1-10a and 1-10b).  More impressively, the 

ASSLS batteries remain 980 mAh.g-1 for 2000 cycles without capacity decay.  The 

cycling performance of the Li-S batteries is the best so far among all the Li-S batteries 

with not only solid electrolytes but also organic liquid electrolytes.   

Beside to elemental sulfur (S8) and Li2S, a lot of metal sulfides, such as TiS2 and CuS, has 

also been demonstrated in ASSLS batteries, because metals sulfides have a high 

electronic conductivity than S8 and Li2S.  Recently, Co8S9/Li7S3S11 nanocomposites 

have been rationally designed for ASSLS batteries, which display 1000 cycles at 1.24 

mA.cm-2 at room temperature. (Figure 1-10c)   

All-solid-state Li-Se batteries have also been demonstrated by our group.185  Compared 

to elemental S8, selenium (Se) possesses a higher electronic conductivity, thus showing 

great promise in all-solid-state batteries.  Se–Li3PS4–C is synthesized by ball milling, 

which is used as the cathode composites for ASS Li-Se batteries (Figure 1-10d).  

Because of the higher electronic conductivity (1×10-3 S.cm-1) of Se than that of S8 (0.5 

x10-27 S.cm-1), Se–Li3PS4–C cathodes exhibit a smaller polarization than that of S8 

(Figure 9e).  Due to the high electronic and ionic conductivity of Se–Li3PS4–C cathode 
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composites, the all-solid-state Li-Se batteries exhibit an initial capacity of 652 mAh.g-1 

(corresponding to 96% theoretical capacity), which remains at 585 mAh.g-1 after 100 

cycles (Figure 1-10e).   

As a short summary, to enable high-performance all-solid-state Li-S batteries, first, the 

insulative nature of S8 and Li2S dramatically limits the utilization of active materials.  

Therefore, improving the electronic conductivity of sulfur cathodes is of great importance 

to obtain a high reversible capacity of solid-state Li-S batteries. Second, the intimate 

contact between active materials, carbon additives, and SEs determines the long-term 

cycling stability of ASSLSBs.  In addition, the volume change of sulfur cathode (78%) 

in ASSLSBs has not been investigated yet.  Lithium dendrite formation is also a big 

challenge facing ASSLSBs, which requires more effort in the near future.   

1.5.3. Manufacturing Protocol of Solid-State Lithium Batteries 

To transfer the laboratory research to industrial mass production, some scientists and 

engineers have already examined the viability of ASSLIBs and some promising and 

practical processes have been demonstrated.66, 134, 186.  Noticeably, J. Schnell et al 

thoroughly evaluated the challenges and requirements for the industrial production of 

ASSLIBs and ASSLMBs via the joint discussion from research institutes, material 

suppliers, and automotive manufacturers in a workshop.187  In general, the cathode, the 

anode, and the SE separator can be made by three steps, including component mixing,  

lamination, and layer compaction (Figure 1-11a-c).  Specifically, the cathode composite 

fabrication process can similar with the conventional electrode fabrication process, in 

which active materials, solid-state sulfide electrolytes, binders, carbon additives are 

mixed to make a slurry, which can be tape-casted or extruded on the current collector, 

following by calendaring and/or sintering process (Figure 1-11a).  It should be 

mentioned that core-shell cathode particles should be suggested to avoid the interfacial 
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reactions between cathode particles and SEs.188, 189  For graphite or Li4Ti5O12 anodes, the 

fabrication process can be same as the cathode composite process. However, if using Li 

metal as the anode, the fabrication process should be re-engineered.  Potential 

fabrication protocols for Li metal anodes include extrusion, dip coating, vapor deposition, 

and electrochemical plating (Figure 1-11b), but the cost of these process have not been 

examined yet.  Besides to the cathodes and anode composites, an ultrathin SE separator 

(< 50 µm) is highly required for realizing high-energy-density ASSLIBs comparable to 

conventional LIBs.169  Figure -11c depicts the fabrication process of thin SE separators, 

including tape casting, extrusion, and vapor deposition, which is similar to the cathode 

composition fabrication process, while the substrate may be different.  For example, the 

cathode and anode composition layer can be the substrate for making SE layers.187    

Figure 1-11d displays the assembly process of solid-state cells, which includes layer 

cutting, cell stacking, isostatic pressing, welding, and packaging.   Due to the air 

sensitivity of SEs, the cathode composite and SE separators should be processed in an Ar 

atmosphere unless air-stable SEs are used, while Li metal should be processed in a dry 

room because of the chemical sensitivity of Li metal.   
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Figure 1-11 (a) Cathode fabrication process. (b) Anode fabrication process. (c) 

Fabrication process of solid-state electrolyte layer.  (d) Assembly process of 

solid-state batteries.  (e) One prototype of SE-based ASSLIBs based NMC622 and 

Graphite with a dimension of 8 cm × 6 cm. (f) The cross-sectional SEM image of the 

SE-based ASSLIBs. (g) First-cycle charge-discharge voltage profiles of the 

pouch-type full-cells at 0.025C.   

More importantly, the prototype of pouch cells based on LiNi0.6Mn0.2Co0.2O2 (NMC622) 

and graphite has been successfully demonstrated by Y-S Jung’s group (Figure 11e).190  

Its cross-sectional SEM image clearly shows that the 30 µm SE layer is sandwiched 

between NMC622 positive layer and graphite anode layer (Figure 11f).  Figure 11g 

shows the initial charge-discharge curves of pelletized and pouch-type NCM622/graphite 

full-cells at 0.025C at 25 °C and 30 °C, respectively. The discharge capacities for the 

pelletized and pouch-type NCM622/graphite full-cells are 121 mAh g-1and 112 mAh g-1, 

respectively, which is corresponding to 190 Wh kg−1 and 184 Wh kg−1 based on total 

weight of the electrodes (active materials, SEs, carbon additives, polymeric binders, and 

current collectors).  The volumetric energy density of the pouch-type full cell is 

calculated to be 432 W h L−1.  Although the pioneering success in fabrication pouch-cell 

SE-based ASSLIBs, there are still a lot of engineering challenges remained, such as the 

selection of solvents, binders, slurry viscosity, quality control, process stability.  We 

believe that with the joint effort from academia and industry SE-based ASSLIB and 

ASSLMBs can be successfully commercialized with a reasonable cost and high energy 

density in the near future. 

1.6 Thesis Objectives 

As thoroughly reviewed above, there are three main challenges impeding the 

development of ASSLIBs, including (1) insufficient ionic conductivity of solid-state 
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electrolytes, (2) large interfacial resistance between electrodes and solid electrolytes 

originating from the insufficient solid-solid contact and detrimental interfacial reactions 

between electrodes and solid electrolytes, and (3) lithium dendrite growth in ASSLIBs.  

In order to achieve high-performance all-solid-state batteries, I have devoted significant 

time to eliminate interfacial resistance as well as suppressing the Li dendrite growth by 

various strategies at the nanoscale or the molecular level.  All the research results can be 

generally separated into two parts: 

Part 1: Developing different strategies to stabilize the cathode interface 

(1) To regulate the interfacial nanostructure, aiming for improving the solid-solid contact 

as well as minimizing the interfacial reaction.  In addition, the relationship between 

interfacial nanostructure and electrochemical performance will be derived.  

Furthermore, the functionality of the interfacial layers will be discussed. 

(2) To improve the power density and energy density of ASSLIBs, single-crystal 

cathodes will be investigated in comparison with polycrystalline counterparts.  

Moreover, the Li+ diffusion coefficient between single-crystal cathodes and 

polycrystalline cathodes will be quantified and compared.   

(3) Furthermore, advanced high-resolution transmission electron microscopy and x-ray 

photoelectron spectroscopy are employed to understand the interfacial reactions 

between single-crystal NMC532 and sulfide electrolytes.  The underlying 

mechanism of interfacial reactions and structure change of layered oxide cathodes 

will be discussed.   

(4) To understand the interfacial Li+ transport kinetics across the coating layer itself, the 

interfacial coating with various ionic conductivities will be engineered. Then the 

relationship between the interfacial Li+ conductivity and electrochemical performance 

of ASSLIBs can be discussed.   
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(5) To enhance the interfacial Li+ transport kinetics, a halide electrolyte (Li3InCl6) will be 

used as the coating layer for ASSLIBs, aiming at improving the solid-solid contact 

and minimizing interfacial reactions.  

Part 2: Developing different strategies to stabilize the anode interface 

(6) A molecular layer deposition is able to deposit an organic and inorganic hybrid thin 

film on Li metal surface, thus a buffer layer can be successfully built between the Li 

metal and solid electrolyte.  Based on this, ASSLMBs can be fabricated with 

improved cycling life and capacity. 

(7) A plastic crystal electrolyte is investigated to suppress interfacial reactions and 

lithium dendrite growth between sulfide electrolytes and lithium metal anodes.  In 

addition, solid-solid contact between electrodes and solid electrolytes can be 

improved by the solid-liquid transformability of the plastic crystal electrolyte.   

(8) To improve the ionic contact between oxide electrolytes and lithium metal, a 

solid-liquid interface can be developed, which can prevent the reduction of oxide 

solid electrolytes by lithium metal.  In addition, the properties of solid-liquid 

electrolyte interphase are discussed in detail.   

1.7 Thesis Organization 

This thesis consists of 11 chapters (one introductory chapter, one experimental and 

characterization details, eight articles plus one conclusive chapter) and satisfies the 

requirements on Integrated-Article form as outlined in the Thesis Regulation Guide by the 

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

Ontario. Specifically, it organizes according to the following sequence: 

Chapter 1 gives an introduction to the motivation to develop ASSLIBs, the current status 

of solid-state electrolytes and their chemical/electrochemical stability.  In addition, 



43 

 

cathode/anode interfacial challenges and proposed strategies, as well as the demonstration 

of ASSLIBs and all-solid-state Li-S batteries, are presented. Finally, the research 

objectives and organization of the thesis are illustrated.   

Chapter 2 outlines the experimental details of ASSLIBs, including methods to modify 

the cathode and anode interface and the synthesis of solid-state electrolytes.  The 

characterization tools for physical-chemical and electrochemical properties are listed as 

well. 

Chapter 3 illustrates the effect of the interfacial nanostructure of the cathode composite 

on the electrochemical of ASSLIBs, in which dual-core-shell interfacial nanostructure 

was realized by combining atomic layer deposition and wet-chemistry dispersion process. 

Due to the dual-core-shell nanostructure design, in which the inner layer preventing the 

interfacial reaction while the outer layer improving the solid-solid contact between 

cathode materials and sulfide electrolytes, ASSLIBs demonstrated the excellent 

electrochemical performance.  This work highlights the importance of interfacial 

nanostructure in all-solid-state batteries.   

Chapter 4 shows the different electrochemical performance of single-crystal cathode and 

polycrystalline cathodes.  By quantifying the Li+ diffusion coefficient, it is found that the 

single-crystal LiNi0.5Mn0.3Co0.2O2 exhibits a 6~14 times higher Li+ diffusion coefficient.  

As a result, the single-crystal LiNi0.5Mn0.3Co0.2O2–based ASSLIBs demonstrated both 

high-power density and high energy density.   

Chapter 5 investigates the mechanism of interfacial reactions between 

LiNi0.5Mn0.3Co0.2O2 and sulfide electrolytes. It is found that oxygen loss from the layered 

oxide cathodes is a trigger for the interfacial reactions, which in turn induces the 

interfacial structural change from a layered structure to rocksalt structure.  Fortunately, 

the interfacial coating was demonstrated to be effective in mitigating the interfacial 
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reactions.   

Chapter 6 deciphers the effect of interfacial ionic conductivity of a coating layer on the 

electrochemical performance.  The detailed interracial Li+ transport kinetics are 

discussed in this part, which highlights the importance of improving interfacial Li+ 

conductivity toward the high-performance ASSLIBs. 

Chapter 7 reports an in-situ growth of Li3InCl6 on the LiCoO2 surface.  Due to excellent 

wide electrochemical windows and high-ionic conductivity.  Li3InCl6-coated LiCoO2 

exhibits both long cycle life and high rate performance.  In addition, the interfacial 

interaction between Li3InCl6 and LiCoO2 is also investigated in this part.   

Chapter 8 employs molecular layer deposition (MLD) to develop an inorganic-organic 

hybrid interlayer (alucone) at the interface between the Li metal and SEs.  It is found 

that the alucone layer can serve as an artificial solid electrolyte interphase (SEI).  As a 

result, interfacial reactions between Li and SEs are significantly suppressed by 

intrinsically blocking electron transfer at the interface.  In addition, lithium dendrites are 

suppressed.  Coupled with a LiCoO2 cathode, ASSLMBs with 30 MLD cycles of 

alucone on Li metal exhibit a high initial capacity of 120 mAh g-1 and can retain a 

capacity of 60 mAh g-1 after 150 cycles.  This work exemplifies the use of MLD to 

stabilize the interface between SEs and Li metal for ASSLMBs. 

Chapter 9 describes a solid-state plastic crystal electrolyte (PCE) as an interlayer in 

SE-based ASSLMBs.  It is demonstrated that the PCE interlayer can prevent interfacial 

reactions and lithium dendrite formation between SEs and Li metal.  As a result, 

ASSLMBs with LiFePO4 exhibit a high initial capacity of 148 mAh.g-1 at 0.1 C and 131 

mAh.g-1 at 0.5 C (1C=170 mA.g-1), which remains at 122 mAh.g-1 after 120 cycles at 

0.5C.  All-solid-state Li-S batteries based on the polyacrylonitrile-sulfur composite are 

also demonstrated, showing an initial capacity of 1682 mAh.g-1.  The second discharge 
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capacity of 890 mAh.g-1 keeps at 775 mAh.g-1 after 100 cycles.   This work provides a 

new avenue to address the interfacial challenges between Li metal and SEs, enabling the 

successful adoption of Li metal in sulfide-based all-solid-state lithium metal batteries 

with high energy density. 

Chapter 10 quantifies the amount of LE at the interface, which is used to eliminate the 

large interfacial resistance.  It is found that as little as 2 µl of LE at the interface can 

successfully enable a hybrid LiFePO4\LATP\Li battery with a specific capacity of 125 

mAh g-1 at 1C and 98 mAh g-1 at 4C.  Excess LE has no further contribution to the 

electrochemical performance.  Furthermore, the rigid SSE could suppress the formation 

of lithium dendrites, especially in the case with a high cathode loading (9.1 mg.cm-2), 

suggesting the feasibility of high energy density SSLBs using Li metal anodes.  The 

interfacial analysis reveals that an interfacial solid-liquid electrolyte interphase (SLEI) 

was formed at the interface, preventing the reduction of LATP by Li metal, thus ensuring 

the long-term durability of LATP in LE.   

Chapter 11 summarizes the results and contributions of the thesis work and provides an 

outlook on all-solid-state lithium batteries. 

The structure of the research work in this thesis is illustrated in the following figure. 
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Figure 1-12 The structure of this thesis.   
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Chapter 2 

2. Experimental Apparatus and Characterization Techniques 

2.1 Experimental Apparatus 

Atomic layer deposition (ALD) and molecular layer deposition (MLD) systems.  

 

Figure 2- 1 (a) Chemical reaction process of ALD and MLD deposition process. (b) 

Savannah 200 ALD system (Veeco/carbon nanotube (CNT) division of the Veeco 

Instruments Inc.). 

Atomic layer deposition process is based on two self-limited reactions, by controlling the 

sequence, purge time, and temperature, a thin film layer can be growth on a substrate with 

a highly precise thickness controllability.  Similar to the ALD, molecular layer 

deposition also based on the self-limited reactions, but the main difference between MLD 

and ALD is that MLD layer can synthesize inorganic or organic/inorganic hybrid thin 

film layer.  
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2.2 Characterizations Techniques 

2.2.1 Physical Characterizations 

 

Figure 2- 2 (a) Principle of FE-SEM operations.[3] (b) An Hitachi S-4800 scanning 

electron microscopy. 

SEM is using high energy electron beam, which has an ultra-small wavelength, to observe 

the morphology of materials at the nanometer scale.  In addition, the high energy 

electron beam also interacts with samples, generating X-rays, Auger electrons, which can 

be exploited to retrieve chemical information of samples.  The morphologies of the 

samples in my research were characterized by an Hitachi S4800 Scanning Electron 

Microscopy at an acceleration voltage of 5 kV, as shown in Figure 2-2b.  
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Figure 2- 3 (a) The principle of X-ray diffraction.  (b) The Bruker D8 advance 

diffractometer XRD system.   

X-ray diffraction (XRD) is employing X-ray to determine the structure information of 

samples.  As long as the X-ray diffraction follows the Bragg’s law, we can observe the 

diffraction pattern at a certain angle, which is closely related to the atomic arrangement of 

samples (Figure 2-3a). The XRD pattern of my samples in this thesis were collected on a 

Bruker D8 Advance Diffractometer using Cu Kα radiation at 40 kV and 40 mA (As 

shown in Figure 2-3b).   
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Figure 2- 4 (a) The main principle of Raman spectroscopy.[4]  (b) HORIBA 

Scientific LabRAM HR Raman spectrometer system.   

Raman scattering is closely related to the molecular rotation and chemical bond vibration. 

By determining the Raman scattering, we can obtain the molecular structural information.  

Raman scattering spectra of my samples in this thesis were recorded using a Nicolet 380 

and a HORIBA Scientific LabRAM HR Raman spectrometer system (As shown in 

Figure 2-4b) equipped with a 532.4 nm laser. 
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Figure 2- 5 (a) The principles of X-ray photoelectron spectroscopy. (b) Schematic 

drawing of a typical XPS setup with photon source (X-rays, UV-light, laser or 

Synchrotron radiation).[5]   

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition 

and bonding by detecting the amount of the escaped electrons from the surface of the 

samples at a certain excitation energy (Figure 2-5).  The XPS measurements were 

carried out in Western Surface Science using an Ar glovebox connected XPS (Kratos 

AXIS Ultra Spectrometer) system for air-sensitive samples.  



69 

 

 

Figure 2- 6 (a) The principle of generating synchrotron radiation.  (b) The principle 

of X-ray absorption spectroscopy (XAS). [6] 

Synchrotron radiation is electromagnetic energy emitted by charged particles (e.g., 

electrons and ions) that are moving at speeds close to that of light when their paths are 

altered, as by a magnetic field. It is so called because particles moving at such speeds in a 

variety of particle accelerator that is known as a synchrotron produce electromagnetic 

radiation of this sort. Bending magnets are used to bend the high-speed electron, then 

emitting radiation.  The radiation produced in this way has a characteristic polarization 

and the frequencies generated can range over the entire electromagnetic spectrum which 

is also called continuum radiation (Figure 2-6a).    

X-ray absorption spectroscopy (XAS) is closely related to the electron transition from 

occupied states to unoccupied states.  By determining the energy change of XAS spectra, 

we tell the chemical information change of certain elements in the sample.  The full 
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XAS spectrum can be divided into two parts, X-ray absorption near edge structure 

(XANES) and Extended X-ray Absorption Fine Structure (EXAFS). XANES gives 

information about the valence state, energy bandwidth and bond angles, while EXAFS 

yields information about the interatomic distances, near neighbor coordination numbers, 

and lattice dynamic (Figure 2-6b).  

2.3 Electrochemical Characterizations 

 

Figure 2- 7 The configurations of a coin cell and a mould cell with their physical 

pictures.   

The coin cell CR2032 was assembled for electrochemical performance analysis.  The 

mould cell is used to test the electrochemical performance of all-solid-state batteries in my 

thesis.   
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Chapter 3 

3 Manipulating Interfacial Nanostructure to Achieve 

High-Performance All-Solid-State Lithium-Ion Batteries* 

All-solid-state lithium-ion batteries (ASSLIBs) have gained substantial attention 

worldwide due to their intrinsic safety and high energy density.  However, the large 

interfacial resistance of ASSLIBs, which is originated from the interfacial reactions and 

inferior electrode-electrolyte contact between electrodes and solid electrolytes, 

dramatically constrains their electrochemical performance.   

Here we rationally designed a dual shell interfacial nanostructure to enable 

high-performance ASSLIBs, in which the inner shell LiNbO3 suppresses the interfacial 

reactions while the outer shell Li10GeP2S12 enables intimate electrode-electrolyte contact.  

As a result, the dual shell structured Li10GeP2S12@LiNbO3@LiCoO2 exhibits a high 

initial specific capacity of 125.8 mAh.g-1 (1.35 mAh.cm-2) with an initial Coulombic 

efficiency of 90.4 % at 0.1 C and 87.7 mAh.g-1 at 1C.  More importantly, in-situ X-ray 

absorption near-edge spectroscopy (XANES) was performed for the first time to reveal 

the interfacial reactions between Li10GeP2S12 and LiCoO2.  This dual shell 

nanostructure demonstrates an ideal interfacial configuration for realizing 

high-performance ASSLIBs.   

 

 

 

*Note: This work has been published.   

Wang, C., Li, X., Zhao, Y., Banis, M. N., Liang, J., Li, X., Sun, Y., Adair, K. R., Sun, Q., 

Liu, Y., Zhao, F., Deng, S., Lin, X., Li, R., Hu, Y., Sham, T.‐K., Huang, H., Zhang, L., 

Yang, R., Lu, S., Sun, X., Manipulating Interfacial Nanostructure to Achieve High‐

Performance All‐Solid‐State Lithium‐ Ion Batteries. Small Methods 2019, 3, 

1900261. https://doi.org/10.1002/smtd.201900261 
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3.1 Introduction 

Safe and high-energy-density rechargeable lithium-ion batteries are in great demand for 

large-scale energy storage systems and long-range electric vehicles.  Conventional 

lithium-ion batteries (LIBs), which employ organic liquid electrolytes (LEs), have proven 

challenging to achieve the desired safety standards due to the flammable nature of the 

organic LEs.  Additionally, the limited electrochemical window of the organic LEs 

restricts the further improvement of the energy density of conventional LIBs,[1] especially 

when coupled with high-voltage cathodes and lithium metal anodes.  Under intensive 

investigation for over two decades, all-solid-state lithium-ion batteries (ASSLIBs) are 

now regarded as one of the most promising energy storage systems because of their 

superior safety and great potential to meet the target of high energy density.[2]  As an 

indispensable component of the ASSLIBs, solid-state electrolytes with high ionic 

conductivity and wide electrochemical windows are indispensable.  Over the past years, 

significant advances have been made in solid-state electrolytes, such as oxide 

electrolytes,[2b, 3] polymer electrolytes,[4] and sulfide electrolytes (SEs).[5]  Among them, 

SEs possess high ionic conductivity (10-3 ~ 10-2 S.cm-1), particularly 

Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS.cm-1),[2a] Li7P3S11 (17 mS.cm-1), Li10GeP2S12 (12 

mS.cm-1),[6] and Li10.35[Sn0.27Si1.08]P1.65S12 (11 S.cm-1)[5a] possess ionic conductivities 

rivalling that of liquid electrolytes (10.2 mS.cm-1).[1]  However, the electrochemical 

performance of SE-based ASSLIBs is constrained by the large interfacial resistance, 

which is originated from the interfacial reactions and lithium deficient space-charge layer 

as well as the inferior solid-solid contact between electrode materials and SEs.[2d, 7]  

With tremendous efforts, various strategies have been proposed to suppress the interfacial 

resistance, including (i) developing interfacial layers (LiNbO3 and Li4Ti5O12) to suppress 

the interfacial reactions,[8] (ii) synthesizing soluble solid electrolytes to improve the 

interfacial contact between electrode materials and SEs,[9] (iii) designing homogeneous 
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and compatible interface,[10] and (iv) using novel solid electrolytes.[11]  However, the 

electrochemical performance of ASSLIBs is still far behind the standard for practical 

application.   

Inspired by the pioneering success in addressing the challenges of silicon anodes,[12] 

sulfur cathodes,[13] and Li metal anodes[14] by rational nanostructure design, here we 

rationally designed a dual shell interfacial nanostructure to enable high-performance 

ASSLIBs.  The inner shell is devised to suppress the interfacial reactions and 

lithium-deficient space-charge layer (SCL) between electrode materials and SEs.  The 

outer shell is constructed to ensure the intimate solid-solid contact between electrode 

materials and SEs.  As a result, the dual shell structured LGPS@LNO@LCO cathode 

exhibits a high initial specific capacity of 125.8 mAh g-1 (1.35 mAh.cm-2) with an initial 

coulombic efficiency of 90.4% at 0.1 C and 87.7 mAh.g-1 at 1C.  Moreover, the charge 

and discharge curves of the dual shell structured LGPS@LNO@LCO exactly match those 

in liquid electrolytes, suggesting the negligible polarization and complete utilization of 

LCO in ASSLIBs.  Additionally, in-situ XANES was performed to reveal the interfacial 

reactions between LCO and LGPS for the first time.  This demonstration shed light on 

the interfacial nanostructure design to achieve high-performance SE-based ASSLIBs. 

3.2 Experimental Procedures 

3.2.1 Synthesis of One-Shell LNO@LCO and Dual Shell 

Structured LGPS@LNO@LCO.   

Commercial LiCoO2 (LCO) is purchased from Sigma Aldrich.  Atomic layer deposition 

was employed to uniformly deposit 5 nm LiNbO3 (LNO) on LCO particles, forming 

one-shell LNO@LCO particles.  The ALD procedures were reported previously.[1]  To 

obtain dual shell LGPS@LNO@LCO particles., 30 mg commercial Li10GeP2S12 (LGPS) 
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(purchased from MSE supplies, its room-temperature ionic conductivity is 3.5 × 10-3 

S.cm-1) was dispersed in heptane, 70 mg LNO@LCO was added into the heptane solution.  

After thoroughly mixing them, the dispersant heptane was removed under vacuum at 80 

ºC overnight.  The dual shell LGPS@LNO@LCO is directly used as the cathode of 

ASSLIBs.  The electrochemical impedance spectra were from 7MHz to 0.1Hz with an 

amplitude of 10 mV.  The CV was tested from 1.9V to 3.6V with a scan rate of 0.02 

mV.s-1.  The GITT was performed with a 5min discharge at 0.1C followed by 2 hours of 

relaxation.   

3.2.2 Characterizations   

TEM images were recorded using a Tecnai G2 F20 S-TWIN at 200 kV equipped with 

EDX (Apollo 40 SDD).  SEM images were recorded using a Scanning Electron 

Microscope (SEM) (FEI Quanta 400 FEG).  Synchrotron-based in-situ X-ray absorption 

was performed at the Canadian Light Source. Synchrotron-based X-ray absorption near 

edge structure (XANES) was carried out at the Canadian Light Source (CLS). S K-edge 

XANES was collected using fluorescence yield mode using Si (111) crystals on the Soft 

X-ray Microcharacterization beamline (SXRBM) at the CLS. For ex-situ XANES 

experiments, to avoid sample oxidation, the samples are firstly sealed by Mylar polymer 

thin film in a glove box under the Ar atmosphere and subsequently transferred to the 

corresponding beamline for further measurements. For operando synchrotron studies, an 

ambient table setup was used at the SXRMB beamline. The chamber was filled with 

helium gas to reduce scattering at low energies. Charge-discharge characteristics of 

operando cells were galvanostatically tested at 0.05 C in the range of 2.0 V-3.6 V (V vs. 

Li-In) at room temperature using a Landline Battery Tester. The XANES measurements 

have been conducted at the shortest time around 10-20 min scans at the SXRMB 

beamline of the Canadian Light Source.   
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3.2.3 Electrochemical Performance   

All of the all-solid-state lithium-ion battery performance was tested by home-made mold 

cells at room temperature.  To evaluate the performance of the pristine LCO in ASSLIBs, 

just mixing LCO with LGPS with a mass ratio of 70:30 in an agate mortar for 15 min.  

80 mg LGPS was compressed at 1.5t first to form a solid-state electrolyte layer.  12 mg 

cathode composites were then spread on one side of LGPS pellets and further pressed at 

3.5t.  A piece of indium foil was put on another side of LGPS and pressed at 0.5t.  To 

test the performance of the one-shell LNO@LCO particles in ASSLIBs, 70 mg 

LNO@LCO was mixed with LGPS in an agate mortar for 15 min, then the 

LNO@LCO/LGPS composite is used as the cathode of ASSLIBs.  The battery assembly 

procedure is exactly the same as that of pristine LCO-based ASSLIBs.  In terms of dual 

shell structured LGPS@LNO@LCO particles, we directly use it as the cathode of 

ASSLIBs and follow the above-mentioned procedure to make the ASSLIBs.  The test 

voltage range is from 1.9V to 3.6V.  The mass of the active materials in ASSLIBs is 7 

mg.  1C is defined utilizing 140 mA.g-1 (1.3 mA.cm-2) for all the LCO electrodes.  
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3.3 Results and Discussion  

 

Figure 3-1 Schematic diagram of ASSLIBs with various interfacial nanostructure.  

(A) LiCoO2 directly mixed with Li10GeP2S12 without interfacial design for ASSLIBs.  

(B) A one-shell LiNbO3@LiCoO2 cathode for ASSLIBs.  (C) A dual shell 

LGPS@LNO@LCO for ASSLIBs.   

As a proof-of-concept study, the typical active material LiCoO2, the most well-known 

solid-state sulfide electrolyte Li10GeP2S12, and the high ionically conductive interfacial 

layer LiNbO3 are chosen, although the concept is not limited to these materials.  In 

general, when directly mixing LCO with LGPS without any interfacial coating, a highly 

resistive layer will form at the interface between LCO and LGPS during the initial charge 

process, which intrinsically blocks the Li+ transfer.[8a]  Furthermore, a lithium-deficient 

space-charge layer will form at the interface,[15]  under this scenario, ASSLIBs can be 
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barely charged due to the significant interfacial resistance in the ASSLIBs (Figure 3-1A).  

With one shell (LNO) isolating the direct contact between LCO and LGPS, the interfacial 

reactions and lithium-deficient SCL can be suppressed.[16]  Atomic layer deposition is 

employed to conformally construct the inner layer LNO.[2d, 17]  In this case, ASSLIBs 

can be operated with a low current, because the interfacial Li+ flux is limited by 

insufficient ionic contact between LCO and LGPS (Figure 3-1B).  In addition, the 

aggregation of LCO and LGPS particles could lead to the incomplete utilization and 

serious polarization of LCO in ASSLIBs.[18]  The remedy to this case is to construct a 

dual shell interfacial configuration.  As shown in Figure 3-1C, when LGPS with high 

ionic conductivity is further dispersed on the one-shell LNO@LCO particle via a 

wet-chemistry dispersion process, intimate solid-solid contact between LGPS and 

LNO@LCO can be achieved, thus enabling an abundant Li+ flux across the interface.  It 

should be mentioned that the dispersion process is different from the previous soluble 

sulfide electrolyte coating, in which a post-annealing process is required to crystallize 

SEs.[9a, 9b]  In addition, the wet-chemistry dispersion process can be easily developed 

with other SEs without the post-annealing process.  The detailed experimental procedure 

can be found in the supporting information.   
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Figure 3-2 Structural and elemental analysis of one-shell LNO@LCO and dual shell 

LGPS@LNO@LCO.  (A) A TEM image of one-shell LNO@LCO particles.  (B) a 

high-resolution TEM image of one-shell LNO@LCO particles.  (C) 

Energy-dispersive X-ray spectroscopic (EDS) mapping of Co, Nb, and O by 

HAADF-STEM.  (D). SEM image of the one-shell LNO@LCO/LGPS electrode.  (E) 

SEM image of the mixture of the dual shell structured LGPS@LNO@LCO electrode.  

(F) FIB cross-section image of LGPS@LNO@LCO.  (G) Co mapping.  (H) P 

mapping.  (I) S mapping.   
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The particle size of the pristine commercial LCO was found to be around 6~15 µm by 

scanning electron microscopy (SEM) (Figure 3-S1).  5 nm LNO was uniformly and 

conformably coated on the LCO surface by atomic layer deposition (ALD), as confirmed 

by the transmission electron microscopy (TEM) images in Figure 3-2A and 3-2B.  The 

energy dispersive X-ray spectroscopic (EDX) mapping of Co, Nb, and O were detected 

by high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) (Figure 3-2C), explicitly confirming the uniform coating of LNO on 

the LCO surface.  It should be mentioned that the interfacial coating in previous works is 

mainly realized by the sol-gel method,[8, 19] which cannot guarantee the uniformity and 

conformality of ALD coatings.[20]  Figure 3-2D shows an SEM image of 

LNO@LCO/LGPS composite synthesized by conventional dry mixing, which clearly 

shows the aggregation of LCO and LGPS particles and inferior solid-solid contact 

between LNO@LCO and LGPS.  Compared to the LNO@LCO/LGPS composites, the 

uniform coverage of LGPS on LNO@LCO particles can be seen in the 

LGPS@LNO@LCO composites (Figure 3-2E), implying the dual shell structure of was 

successfully realized by the wet-chemistry dispersion process.  Furthermore, the 

cross-section image of LGPS@LNO@LCO composites milled by a focused ion beam 

(FIB) is presented in Figure 3-2F.  In addition, the corresponding EDX mapping of Co, 

P, and S are shown in Figure 3-2G, 3-2H, and 3-2I, respectively, further confirming that 

the outer LGPS layer is uniformly and conformally coated on LNO@LCO surfaces.  

Further EDX mapping images (including Ge mapping and Nb mapping) of 

LGPS@LNO@LCO can be found in Figure 3-S2, which also confirms the LNO shell on 

the LCO surface.  To be the best of our knowledge, this is the first time to demonstrate 

the LGPS coating on the electrode materials via the wet-chemistry dispersion process.   
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Figure 3-3 Electrochemical performance of ASSLIBs with pristine LCO, one-shell 

LNO@LCO, and dual-shell structured LGPS@LNO@LCO.  (A) Charge-discharge 

curves.  (B) Cycling stability and Coulombic efficiency.  (C) CV curves of dual shell 

structured LGPS@LNO@LCO.  (D) CV curves of one-shell LNO@LCO/LGPS 

electrodes.  (E) Galvanostatic Intermittent Titration Technique (GITT).  (F) Rate 

performance.  (G) Discharge curves at various current densities.  (H) Ragone plot.   

The electrochemical performances of ASSLIBs with various interfacial structures were 

evaluated thoroughly.  Figure 3-3A exhibits the typical charge-discharge curves of 

pristine LCO, one-shell LNO@LCO, dual shell structured LGPS@LNO@LCO, and LCO 
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in liquid electrolytes (LE), respectively.  The pristine LCO exhibits an initial charge 

capacity of 40.1 mAh.g-1 and discharge capacity of 8.8 mAh.g-1 at 0.1C (1C=1.3 mA.cm-2 

= 140 mA.g-1).  The initial Coulombic efficiency is only 21.9%.  The low Coulombic 

efficiency and significant polarization indicate serious interfacial reactions during the 

initial charging process.  In addition, the slope at the very beginning of the charge curve 

is an indicator of a lithium-deficient SCL between LCO and LGPS.[15, 21]  The one-shell 

LNO@LCO exhibits an initial discharge capacity of 92.2 mAh.g-1 with the Coulombic 

efficiency of 89.1%.  Interestingly, the slope before Li+ de-lithiation is totally 

disappeared, suggesting that the one-shell LNO@LCO can suppress the interfacial 

reactions and SCL between LCO and LGPS.  However, the polarization between charge 

and discharge curves is still obvious, which is caused by the poor ionic contact between 

LNO@LCO and LGPS.  The dual shell structured LGPS@LNO@LCO presents an 

initial capacity of 125.8 mAh.g-1 with an initial Coulombic efficiency of 90.4%.  it is 

worth to mention that the charge-discharge curves of the dual shell LGPS@LNO@LCO 

exactly match those of LCO in liquid electrolytes under the same current density (Figure 

S3), demonstrating that the dual shell structured LGPS@LNO@LCO can achieve the full 

utilization of LCO with a negligible polarization in ASSLIBs.  The electrochemical 

impedance spectroscopy (EIS) was performed to analyze the interfacial resistance of 

pristine LCO, one-shell LNO@LCO, and dual shell structured LGPS@LNO@LCO after 

the initial charge process (Figure 3-S4).  The interfacial resistance of the pristine LCO 

after the first charge process is over 3000 ohms, which is reduced to 150 ohms with LNO 

inner shell protection, and further reduced to 68 ohms when LGPS is coated on the 

LNO@LCO particles.  The reduction in resistance suggests that the inner shell LNO can 

suppress the interfacial reactions and the outer shell LGPS can improve the interfacial 

contact between LNO@LCO and LGPS.   

Figure 3-3B shows the cycle stability of pristine LCO, one-shell LNO@LCO, and dual 

shell structured LGPS@LNO@LCO and the corresponding Coulombic efficiencies 
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(Figure 3-S5).  Pristine LCO shows no capacity after several cycles, which is due to the 

serious interfacial reactions between pristine LCO and LGPS.  Comparatively, the 

one-shell LNO@LCO shows higher capacity and longer cycle stability.  However, the 

capacity decays rapidly and is still far behind the theoretical capacity of LCO.  The 

reason was believed to be the detachment of LCO from LGPS induced by the volume 

change upon cycling (Figure S6).  The dual shell structured LGPS@LNO@LCO shows 

a higher capacity of 125.8 mAh.g-1, which can still retain a capacity of 90.3 mAh.g-1 after 

100 cycles.  Figures 3-3C presents the cyclic voltammogram (CV) profiles of the dual 

shell structured LGPS@LNO@LCO and one-shell LNO@LCO, respectively.  The three 

pairs of redox peaks of LGPS@LNO@LCO can be clearly seen.   The A-A’ redox peaks 

are related to the insulator-metal transition with the coexistence of two distinct hexagonal 

phases.[19, 22]  The B-B’ and C-C’ redox peaks are associated with the phase transition 

from the hexagonal structure (O3) to the monoclinic structure of LCO.[22]  

Comparatively, the CV of LNO@LCO shows obvious polarization and smaller peak 

currents (Figure 3-3D), suggesting the limited Li+ flux across the interface between LCO 

and LGPS.  The Galvanostatic Intermittent Titration Technique (GITT) was further 

utilized to analyze the polarization and lithium-ion (Li+) diffusion efficiency of 

LNO@LCO and LGPS@LNO@LCO.  Figure 3-3E shows the GITT curves and 

polarization curves of LNO@LCO and LGPS@LNO@LCO.  Obviously, the 

polarization of LGPS@LNO@LCO is smaller than that of LNO@LCO.  Based on the 

GITT theoretical analysis, the Li+ diffusion efficiency of the dual shell 

LGPS@LNO@LCO electrode is almost 4 orders of magnitude higher than that of 

one-shell LNO@LCO electrodes (Figure 3-S7 and Table 3-S1), indicating that the contact 

area between LNO@LCO and LGPS in dramatically enhanced by designing dual shell 

interfacial structure.   

When tested at various current densities, the one-shell LNO@LCO shows limited 

capacity and large polarization at a high current density (Figure 3-3F).  Specifically, 
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one-shell LNO@LCO exhibit a specific capacity of 20.0 mAh.g-1 with a large 

polarization at 1C, while the dual shell structured LGPS@LNO@LCO presents a capacity 

of 87.7 mAh.g-1 with a negligible polarization at 1C (Figure 3-3G).  The reason behind 

the increased capacity and negligible polarization could be due to the high ionic 

conductivity (1.2 x 10-3 S.cm-1, Figure 3-S8) of the outer shell LGPS.  Figure 3-3H 

compares the electrochemical performance with all previously reported results in the 

Ragone plot.  The sources of the data are listed in Table 3-S2.  It is apparent that the 

electrochemical performance of the dual shell structured LGPS@LNO@LCO overtakes 

previous results, especially the power density.[6a, 8a, 21]   

 

Figure 3-4 In-situ XANES of ASSLIBs during the initial charge-discharge process.  

(A) S K-edge of the bare LCO/LGPS cathode.  (B)  The first deviation of the bare 

LCO/LGPS electrode.  (C) S K-edge of the one-shell LNO@LCO/LGPS electrode.  

(D)  The first deviation of the one-shell LNO@LCO/LGPS electrode. 

To unveil the interfacial reactions between LCO and LGPS and functionality of the inner 
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shell LNO, in-situ X-ray absorption near-edge spectroscopy (XANES) was performed.  

Figure 3-4A and 3-4C present the in-operando sulfur K-edge XANES and the 

discharge-charge profiles of pristine LCO and one-shell LNO@LCO, respectively.  The 

electrochemical phenomena are completely consistent with the results in Figure 3A.  

Comparing the S K-edge XANES, the edge jump of the LGPS before the electrochemical 

reaction is at 2470 eV, which is corresponding to the one level excitation of an electron 

from the K shell.[23]  Due to the weak signal to noise ratio, the first-order derivation 

spectra was subtracted in Figure 3-4B and 3-4D.  Pristine LCO/LGPS presents a lot of 

shoulder peaks at 2470 eV (red bar) and 2472 eV (green bar) during the charge-discharge 

process, while LNO@LCO/LGPS does not, implying that the inner shell LNO can 

suppress the interfacial reactions between LCO and LGPS.  However, the changes in 

other elements are not clarified, such as phosphorus and germanium.  As a remedy, 

surface-sensitive X-ray photoelectron spectroscopy (XPS) was performed to further 

examine the chemical information on P, Ge, and S.   
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Figure 3-5 Ex-situ XPS characterizations on the pristine LGPS (top), bare 

LCO/LGPS electrodes after 100 cycles (middle), and one-shell LNO@LCO/LGPS 

electrodes after 100 cycles (bottom).  (A) S 2p spectra, (B) P 2p spectra, (C) Ge 3d 

spectra.   

Figure 3-5 shows the ex-situ XPS results of S 2p, P 2p, and Ge 3d from pristine LGPS, 

bare LCO/LGPS after 100 cycles, and one-shell LNO@LCO/LGPS after 100 cycles, 

respectively.  The assignment of each peak can be found in Table S3.  In S 2p spectra 

(Figure 3-5A), S of LGPS is highly oxidized to -S-S- or CoSx in comparison with S 

spectra of pristine LGPS.  In addition, sulfite and sulfate species were also detected, 

which is also caused by the oxidization of LGPS by LCO during the charge-discharge 

process.[19, 21]  Interestingly, the intensity of oxidization peaks is reduced with the inner 

LNO shell (Figure 3-5A, bottom), suggesting the inner shell LNO can alleviate the 

oxidization of LCO during the charge-discharge process.  Figure 3-5B shows the 
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comparison of P 2p spectra.  P 2p spectra of bare LCO/LGPS exhibit more intensive 

P2S6
2- peaks, suggesting P of bare LCO/LGSP is highly oxidized after cycling.  In 

LNO@LCO/LGPS samples, the intensity of P2S6
2- peaks is strongly suppressed by the 

inner shell LNO protection.  Similarly, in terms of Ge 3d spectra (Figure 3-5C), the 

intensity associated with the oxidized species, such as GeSx and/or GeO2, are reduced in 

the one-shell LNO@LCO samples, implying that the oxidization of Ge of LGPS is also 

suppressed by the inner shell LNO.  All the results explicitly demonstrate that the inner 

shell can inhibit the oxidization reactions of LGPS but cannot completely suppress the 

interfacial oxidization reactions due to the intrinsically narrow electrochemical windows 

of LGPS.[24]   

 

Figure 3-6 (A-C) one-shell LNO@LCO/LGPS electrodes.  (D-F) dual shell 

structured LGPS@LNO@LCO electrodes.   

To check the internal microstructure of one-shell LNO@LCO and dual shell 

LGPS@LNO@LCO, the cross-section of electrodes were examined by SEM.  The 

LNO@LCO electrodes show a lot of pores between LGPS and LNO@LCO, which 

suggests the contact between LNO@LCO and LGPS is inferior (point-to-point contact, 
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Figure 3-6 A-C), limiting the Li+ flux across the interface.  As a sharp contrast, the dual 

shell structured LGPS@LNO@LCO shows favorable contact between LCO and LGPS.  

All the LNO@LCO particles are well dispersed in the LGPS matrix (Figure 3-6 D-F), 

thus providing abundant Li+ flux across the interface and guaranteeing the high utilization 

of LCO.  Resultantly, the initial charge-discharge curves, active material utilization, and 

Coulombic efficiency of dual shell structured LGPS@LNO@LCO exactly match those of 

LCO operated in LEs.  All these results confirm that the dual shell interface could 

overcome the large interfacial resistance originated from the interfacial reactions and 

inferior interparticle contact between electrode materials and SEs in ASSLIBs. 

3.4 Conclusions 

In summary, we rationally designed a dual shell structured LGPS@LNO@LCO for 

high-performance SE-based ASSLIBs, in which the inner shell LiNbO3 suppresses the 

interfacial reactions while the outer shell Li10GeP2S12 enables intimate 

electrode-electrolyte contact.  The interfacial reactions between LGPS and LCO 

characterized by the in-situ XANES and ex-situ XPS highlight the necessity of inner shell 

LNO.  The outer shell LGPS coating realized by a universal wet-chemistry dispersion 

process enables the full utilization and negligible polarization of LCO in SE-based 

ASSLIBs.  As a result, the dual shell structured Li10GeP2S12@LiNbO3@LiCoO2 exhibits 

a high initial specific capacity of 125.8 mAh.g-1 (1.35 mAh.cm-2) with an initial 

Coulombic efficiency of 90.4 % at 0.1 C and 87.7 mAh.g-1 at 1C.  This dual shell 

nanostructure demonstrates an ideal interfacial configuration for achieving SE-based 

ASSLIBs with high-energy density and high-power density.   
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3.7 Supporting Information  

 

Figure 3-S1. The SEM image of pristine LiCoO2 particles.  The particle size is 

around 6~15 µm.    

 

Figure 3-S2. The FIB cross-sectioned image of dual core-shell LGPS@LNO@LCO 

particles (A) and Co mapping (B), Nb mapping (C), Ge mapping (D), P mapping (E), 

and S mapping (F).  It can be clearly seen that the LNO is conformably coated on LCO 

and LGPS is uniformly dispersed on LNO@LCO surfaces.   
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Figure 3-S4. The initial charge-discharge curves of LCO in liquid electrolytes and 

solid-electrolytes (LGPS).  The tested current density is 0.13 mA.cm-2.  The 

charge-discharge curves of dual shell LGPS@LNO@LCO are exactly the same with that 

liquid electrolytes, implying the full utilization and negligible polarization of LCO with 

dual shell interfacial structure in ASSLIBs.   

 

Figure 3-S5. Electrochemical impedance spectra of bare LCO/LGPS, one-shell 

LNO@LCO/LGPS, and dual shell LGPS@LNO@LCO after the initial charging 

process.  The equivalent circuit shows that the impedance (RSE) at the high frequency is 

related to the resistance of the solid electrolyte layer and the impedance at the middle 

frequency is corresponding to the interfacial resistance between LCO and LGPS (Rint).  

The resistance at high frequency is only 20 ohms, which is related to the resistance of the 
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solid-state LGPS layer.  The pristine LCO exhibit a very large interfacial resistance at 

the middle frequency, which is over 3000 ohms, after the first charge process, indicating 

that the interfacial reactions between LGPS and LCO are very significant during the first 

charge process.  Interestingly, the interfacial resistance is reduced to 150 ohms with 

LNO coating, suggesting that the inner shell LNO protection can dramatically suppress 

the interfacial reactions.  Furthermore, the interfacial resistance is reduced to 68 ohms in 

the dual shell LGPS@LNO@LCO cathode, implying that the LGPS coating can enhance 

the Li+ flux across the interface between LNO@LCO and LGPS.   

 

 

Figure 3-S6. The Coulombic efficiencies (CE) of pristine LCO, one-shell LNO@LCO, 

and dual shell structured LGPS@LNO@LCO within 100 cycles.   The initial 

Coulombic efficiencies of pristine LCO, one-shell LNO@LCO, and dual shell structured 

LGPS@LNO@LCO are 21.8%, 89.1%, and 90.4 %, respectively.  After 5 cycles, the 

following CEs tends to be stable.  The CEs of one-shell LNO@LCO and dual shell 

structured LGPS@LNO@LCO are very close, which is about 99.5% to 99.8%.   
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Figure 3-S7. The cross-section of the one-shell LNO@LCO/LGPS electrode after 100 

cycles.  It can be clearly seen that the volume change of LCO during the 

charge-discharge cycles could result in the loss contact between LCO and LGPS, thus 

leading to the capacity loss.    

 

 

Figure 3-S8. The lithium-ion diffusion efficient calculated by GITT theoretical analysis. 

 

According to the GITT theoretical analysis, Li+ diffusion coefficient can be calculated by 

the following equation: 
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Where D is chemical diffusion coefficient, S is interfacial contact area between LCO and 

LGPS in our case, τ is pulse duration (300 s in our case), ∆Es is the steady-state voltage 

change, ∆Et is the transient voltage change, mLCO is the mass of the LCO in the cathode 

composite (7 mg), MLCO is the molecular weight of LiCoO2 (97.87 g. mol-1), Vm is the 

molar volume of the sample (LiCoO2, 19.56 cm3 mol-1).[2]   

Table 3-S1. The Li+ diffusion coefficient of LNO@LCO and LGPS@LNO@LCO.   

Cathode 

Li+ diffusion 

coefficient 

(cm2. s-1) at 50% DOD 

Specific Capacity  

(mAh.g-1) 

Dual core-shell 

LGPS@LNO@LCO 
2.08869 × 10-10 

50.4 

Core-shell 

LNO@LCO 
4.96749 × 10-14 

50.4 
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Figure 3-S9.  (A)The EIS spectra of LGPS after dispersing by heptane at various 

temperatures.  (B). Arrhenius plot of LGPS after dispersing by heptane.  The 

room-temperature ionic conductivity of LGPS after dispersing by heptane is 1.2 x 10-3 

S.cm-1. 

 

Table 3-S2. The references for the Ragone plot.  

Name References 

Ref #1 R. Mosthev, B. Johnson, J. Power Sources 2000, 91, 86.[3] 

Ref #2 
K. Takada et al. Adv. Mater. (2006), 18, 2226-2229. DOI: 

10.1002/adma.200502604.[4] 

Ref #3 
R. Kanno et al. Nat. Mater. (2011),10, 682-686 DOI: 

10.1038/NMAT3066.[5]  

Ref #4 
J. Janek et al. ACS Appl. Mater. Interfaces (2017), 9, 

17835−17845 DOI: 10.1021/acsami.7b01137.[6] 

Ref #5 
Y-S Jung et al. Adv. Mater. (2016), 28, 1874–1883. DOI: 

10.1002/adma.201505008.[2b]  
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Table 3-S3. The specific area of the high-resolution XPS peaks. 

Cathode Binding Energy  Specific 

Area 

(a.u.) 

Peak Assignment Relative 

Ratio 

Bare LCO/LGPS 

S 2p spectra 

S 2p3/2, 161.11 eV 694.585 

PS4
3- 45.5% 

S 2p1/2, 162.29 eV 369.03 

S 2p3/2, 162.52 eV 464.78 -S0-S0-, or 

CoSx 

30.4% 

S 2p1/2, 163.70 eV 232.79 

S 2p3/2, 166.38 eV 226.60 

SO3
2- 14.8% 

S 2p1/2, 167.56 eV 113.30 

S 2p3/2, 168.37 eV 144.39 

SO4
2- 9.5% 

S 2p1/2, 169.55 eV 72.19 

LNO@LCO/LGPS 

S 2p spectra 

S 2p3/2, 161.11 eV 757.33 

PS4
3- 59.5% 

S 2p1/2, 162.29 eV 378.67 

S 2p3/2, 162.52 eV 399.12 -S0-S0-, or 

CoSx 

29.8% 

S 2p1/2, 163.70 eV 199.56 

S 2p3/2, 166.38 eV 99.51 

SO3
2- 7.6% 

S 2p1/2, 167.56 eV 49.75 

S 2p3/2, 168.37 eV 40.51 

SO4
2- 3.1% 

S 2p1/2, 169.55 eV 20.25 
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Bare LCO/LGPS 

P 2p spectra 

 P 2p3/2, 131.58 eV 89.3 

PS4
3- 36.4% 

P 2p1/2, 132.42 eV 44.65 

P 2p3/2, 132.58 eV 156.4 

P2S6
2- 63.6% 

P 2p1/2, 133.42 eV 78.2 

LNO@LCO/LGPS 

P 2p spectra 

 P 2p3/2, 131.58 eV 223.2 

PS4
3- 61.3% 

P 2p1/2, 132.42 eV 111.6 

P 2p3/2, 132.58 eV 140.9 

P2S6
2- 38.7% 

P 2p1/2, 133.42 eV 70.45 

 

Bare LCO/LGPS 

Ge 3d spectra 

Ge 3d5/2, 30.40 eV 48.44 

GeS2 21.6% 

Ge 3d3/2, 30.99 eV 32.23 

Ge 3d5/2, 31.99 eV 176.21 

GeO2 78.4% 

Ge 3d3/2, 32.57 eV 117.47 

LNO@LCO/LGPS 

Ge 3d spectra 

Ge 3d5/2, 30.40 eV 76.78 

GeS2 60.4% 

Ge 3d3/2, 30.99 eV 51.19 

Ge 3d5/2, 31.41 eV 50.28 

GeOx 39.6% 

Ge 3d3/2, 32 eV 33.52 
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The relative ratio of peak area is marked in red (Bare LCO/LGPS) and blue 

(LNO@LCO/LGPS).  It can be clearly seen that the peak area of PS4
3- and GeS2 is 

significantly reduced in bare LCO/LGPS, while the peak area of PS4
3- and GeS2 is 

partially reduced in LNO@LCO/LGPS, suggesting that the inner shell LNO can inhibit 

the interfacial reactions between LCO and LGPS to some extent.   
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Chapter 4 

4. Single Crystal Cathodes Increasing Power and Energy 

Density of All-Solid-State Batteries* 

LiCoO2 has been widely studied in ASSLIBs, however, its capacity is much lower than 

mainstream LiNixMnyCozO2 (x+y+2=1, NMC) cathodes.  Therefore, high-capacity NMC 

cathodes should be investigated in ASSLIBs to enable high energy density. 

In this work, single-crystal Li(Ni0.5Mn0.3Co0.2)O2 (SC-NMC532) is used as the cathode 

material for ASSLIBs, which exhibits 6~14 times higher Li+ diffusion coefficient than 

polycrystalline Li(Ni0.5Mn0.3Co0.2)O2 (PC-NMC532).  As a result, SC-NMC532 exhibits 

an initial specific capacity of 151.2 mAh.g-1 while PC-NMC532 shows an initial capacity 

of only 111.9 mAh.g-1.  After 150 cycles, SC-NMC532 retains a capacity of 88.9 mAh.g-1.   

More impressively, under a high current density of 1.3 mA.cm-2, SC-NMC532 exhibits a 

capacity of 82 mAh.g-1
, much higher than the 2.1 mAh.g-1 capacity of PC-NMC532.  This 

work demonstrates that single-crystal NMC cathodes could enable both high power 

density and high energy density in ASSLIBs at room temperature.   

 

 

 

 

 

*Note: This work will be submitted.   

Changhong Wang, Sooyeon Hwang, Jianwen Liang, Xiaona Li, Changtai Zhao, Yipeng 

Sun, Jiwei Wang, Nathaniel Holmes, Ruying Li, Huan Huang, Shangqian Zhao, Li Zhang, 

Shigang Lu, Dong Su, and Xueliang Sun, Single Crystal Cathodes Enabling High-Energy 

and High-Power All-Solid-State Lithium-Ion Batteries. In preparation. 
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4.1 Introduction 

Rechargeable lithium-ion batteries (LIBs) are widely used in electric vehicles and 

portable electronic devices.1, 2  However, the use of flammable organic liquid 

electrolytes with narrow electrochemical windows presents safety challenges and places a 

constraint on the energy density of LIBs.3  To eliminate safety concerns, replacing liquid 

electrolytes with inorganic solid-state electrolytes in LIBs is regarded as the ultimate 

solution.  All-solid-state LIBs (ASSLIBs) also allow for increased energy density by 

employing bi-polar stacking technology and using high-voltage cathodes and lithium 

metal anodes.4-7  Owing to the significant improvements in safety and energy density, 

ASSLIBs have attracted considerable attention in recent years.8-10 

Several challenges hinder the development of ASSLIBs, including (1) insufficient ionic 

conductivity of solid-state electrolytes,11, 12 (2) large interfacial resistance due to poor 

solid-solid contact and detrimental interfacial reactions,13-16 and (3) poor rate performance 

due to slow lithium-ion (Li+) kinetics in ASSLIBs.17-19  With continuous efforts over the 

past decades, many solid-state electrolytes with high ionic conductivity have been 

developed.  The ionic conductivities of solid-state sulfide electrolytes (SEs), 

Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS.cm-1)4, Li10GeP2S12 (LGPS, 12 mS.cm-1),20 and Li7P3S11 

(17 mS.cm-1)21 surpass even that of liquid electrolytes (10.2 mS.cm-1).22  Sulfide-based 

ASSBs are therefore regarded as one of the most promising solid-state battery systems.  

To address the problem of large interfacial resistance, many soluble SSEs have been 

reported which, when coated on cathode materials or infiltrated into the electrode sheet, 

significantly reduce the interfacial resistance between electrodes and SEs.23-29  In 

addition, various interfacial buffer layers (i.e. LiNbO3, LiTaO3) have been developed to 

effectively prevent the interfacial reactions between oxide cathodes and SEs.15, 30, 31 

In contrast to the tremendous effort toward improving the ionic conductivity of SEs and 
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suppressing interfacial resistance, few attempts have been made to improve the rate 

capability of ASSLIBs.  In this work, we explore the electrochemical performance of 

single-crystal Li(Ni0.5Mn0.3Co0.2)O2 (SC-NMC532) in SE-based ASSBs for the first time.  

It is found that the Li+ diffusion coefficient of SC-NMC532 is 6~14 times higher than that 

of polycrystalline (PC) NMC532.  As a result, SC-NMC532 demonstrates a higher 

discharge capacity and significantly improved rate performance when compared to 

PC-NMC532.  This work suggests that using single-crystal NMC could enable both high 

energy density and high power density ASSLIBs.   

4.2 Experiments and Characterizations 

4.2.1 Surface Modification of SC-NMC532 and PC-NMC532   

Stoichiometric amounts of lithium acetate (LiCO2CH3, Sigma-Aldrich, 99.99%), 

niobium(V) ethoxide (Nb(OCH2CH3)5, Sigma-Aldrich, 99.95%, trace metals basis), and 

tantalum(V) butoxide (Ta(OCH2CH2CH2CH3)5, Sigma-Aldrich, 99.99%, trace metals 

basis) were dissolved in absolute ethanol (Sigma-Aldrich, >99.8%, GC) and stirred 

magnetically for 2 hours. The mass fraction of LNTO sol-gel in absolute ethanol was 

diluted to 10%.  2 g of single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) or 

polycrystalline LiNi0.5Mn0.3Co0.2O2 (PC-NMC532) (supplied from the China Automotive 

Battery Research Institute) was dispersed into 5ml absolute ethanol.  2 wt% LNTO was 

then added to the NMC532 solution.  After magnetically stirring for 2 hours, the solution 

was dried at 80C. The powder was further dried under vacuum at 100C overnight and 

annealed in air at 450C for 2 hours.  The samples are identified as LNTO@NMC532, 

and LNTO@PC-NMC532, respectively.   

4.2.2 Characterizations   

Transmission electron microscopy (TEM) was performed with a JEM-2100 operated at 
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200 kV.  Scanning Transmission Electron Microscopy (STEM)-Energy Dispersive 

Spectroscopy (EDS) mapping was done with an FEI Talos F200X TEM (operated at 

200 keV) equipped with an energy dispersive X-ray spectrometer.  Scanning Electron 

Microscope (SEM) images were recorded with an SEM-4800.  Powder X-ray diffraction 

(XRD) patterns were collected on a Bruker AXS D8 Advance with Cu Kα radiation (λ = 

1.54178 Å) and a special holder to avoid exposure to air during tests.   

4.2.3 Assembly of ASSLIBs   

70 mg of LNTO@SC-NMC532 and 30 mg of commercial Li10GeP2S12 (LGPS) 

(purchased from MSE supplies) were mixed to serve as the cathode composite.  80 mg 

of LGPS was first pressed at 1 MPa.  12 mg of cathode composite was then uniformly 

spread on one side of the LGPS layer and compressed at 350 MPa.  A piece of indium 

foil was positioned on the other side of LGPS and pressed at 100 MPa.   Then the 

battery rested for 3 hours before electrochemical testing.  The electrochemical 

impedance spectra were recorded from 7 MHz to 0.1 Hz with an amplitude of 10 mV.  

CV was performed from 1.9V to 3.8V with a scan rate of 0.02 mV.s-1.  GITT tests were 

performed with a 5 min discharge at 0.1C followed by 2 hours of relaxation. The mass 

loading of NMC532 was 10.7 mg.cm-2. 1C is defined at 0.13 mA.cm-2.  All 

electrochemical performance tests were performed at room temperature by a LAND 

electrochemical analysis system.   
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4.3. Results and Discussion 

 

Figure 4-1 (a) Illustration of SC-NMC532 in SE-based ASSBs.  (b) Illustration of 

PC-NMC532 in SE-based ASSBs.  (c) A cross-sectional image of 

LGPS@LNTO@SC-NMC532, in which Li+ has a continuous conducting pathway.  

(d) A cross-sectional image of LGPS@LNTO@PC-NMC532, in which Li+ is 

transported across many grain boundaries. 

Li10GeP2S12 (LGPS), which exhibits a high ionic conductivity of 3.5  10-3 

S.cm-1(Figure 4-S1), was used as the solid-state electrolyte for this study.  To prevent 

interfacial reactions between the oxide cathode and SE, an interfacial layer of LiNbTaO3 

(LNTO) was inserted between the NMC532 and LGPS (Figure 4-1a and 4-1b). Unlike in 

liquid cells, the solid-state electrolyte LGPS only contacts the NMC532 through 

solid-solid contact.  PC-NMC532 cathodes possess many grain boundaries within each 

micro-spherical particle, requiring Li+ to pass through many grain boundaries before 

reaching the solid-state electrolyte (Figure 4-1d).  In contrast, SC-NMC532 cathodes do 
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not contain grain boundaries, thus providing continuous Li+ conduction pathways (Figure 

4-1c).  SC-NMC532 is therefore believed to possess faster Li+ kinetics than 

PC-NMC532 in ASSLIBs.   

  

Figure 4-2 Structural Characterization of LNTO@SC-NMC532 and 

LNTO@PC-NMC532.  (a) An SEM image of LNTO@SC-NMC532.  (b) An SEM 

image of LNTO@PC-NMC532.  (c) HRTEM image of LNTO@SC-NMC532.  (d) 

HAADF image of LNTO@SC-NMC532 and (e) Co, Mn, Nb, and Ta mapping. (f) A 

combination of Ni and Ta elemental maps of LNTO@SC-NMC532 acquired with 

STEM-EDX.   

To verify this assumption, LNTO-coated SC-NMC532 and LNTO-coated NMC532 were 

prepared, scanning electron microscopy (SEM) images of which are presented in Figure 

4-2a and 4-2b respectively.  The SC-NMC532 samples are single particles with a 

diameter of about 2~10 µm while the PC-NMC532 samples are secondary microspheres 

with a diameter of approximately 2~15 µm.  The thickness of the LNTO interfacial 
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coating layer was about 7 nm, as revealed by the scanning transmission electron 

microscopy (STEM) image in Figure 4-2c.  To confirm the uniformity of the LNTO 

coating, SEM-energy dispersive X-ray spectroscopy elemental mappings of Ni, Co, Mn, 

Nb, and Ta are presented in Figure 4-S2.  The uniform mapping of Nb and Ta on the 

SC-NMC532 implies the presence of a uniform LNTO layer.  The high-angle annular 

dark-field (HAADF) image of LNTO-coated SC-NMC532 (Figure 4-2d) and 

STEM-energy dispersive X-ray spectroscopy elemental maps of Co, Mn, Nb, and Ta 

(Figure 4-2e) also indicate a homogenous distribution of all elements.  In addition, the 

combined map of Ni and Ta in the LNTO-coated SC-NMC532 shows that Ta has a strong 

signal at the edge (Figure 4-2f), further suggesting that the LNTO was uniformly coated 

on the SC-NMC532.  X-ray diffraction (XRD) patterns of LNTO-coated SC-NMC532 

and LNTO-coated PC-NMC532 are compared in Figure 4-S3.  No LNTO diffraction 

patterns are detected, indicating that the LNTO coating is amorphous.  Interestingly, the 

(104) peak for SC-NMC532 at 44.6 is split, a typical characteristic of single-crystal 

NMC cathodes caused by the separation of Kα1 and Kα2 reflected from the (104) lattice 

plane in SC-NMC532.32-34   

The electrochemical performance of SC-NMC532 and PC-NMC532 in SE-based 

ASSLIBs was first tested under a current density of 0.1C (1C=1.3 mA.cm-2).  

SC-NMC532 demonstrated a charge capacity of 180.2 mAh.g-1 and a discharge capacity 

of 151.2 mAh.g-1 with an initial Coulombic efficiency of 83.9% (Figure 4-3a).  

Comparatively, PC-NMC532 displayed a discharge capacity of only 111.9 mAh.g-1.  In 

addition, the discharge plateau of SC-NMC532 is much higher than that of PC-NMC532, 

indicating that SC-NMC532 possesses faster Li+ kinetics than PC-NMC532.  

Furthermore, an electrochemical impedance spectroscopy (EIS) analysis (Figure 4-S4) 

reveals the charge transfer resistance of SC-NMC532 to be about 181 , which is 

significantly lower than that of PC-NMC532 (463 ).  The EIS analysis provides further 

evidence of improved Li+ kinetics in SC-NMC532.   
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Figure 4-3 Electrochemical Performance of LNTO@SC-NMC532 and 

LNTO@PC-NMC532.  (a) Initial charge/discharge curves of SC-NMC532, 

PC-NMC532, and pristine SC-NMC532 in the conventional liquid electrolyte (LE).  

(b) Cycling stability of SC-NMC532 and PC-NMC532. (c) Discharge curves of 

SC-NMC532 and PC-NMC532 under various current densities.  (d) Rate 

performance of SC-NMC532 and PC-NMC532.  (e) The Ragone plots of 

SC-NMC632-based ASSLIBs and previously reported ASSLIBs.  (f) 

Charging-discharging GITT curves of SC-NMC532.  (g) Charging-discharging 

GITT curves of PC-NMC532.   
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Figure 4-3b displays the cycling stability of SC-NMC532 and PC-NMC532.  After 150 

cycles, the SC-NMC532 retains a specific capacity of 88.9 mAh.g-1 while PC-NMC532 

retains a specific capacity of only 57.6 mAh.g-1.  The corresponding decay rate of 

SC-NMC532 is 0.35%, which is slightly lower than that of PC-NMC532 (0.44%).  The 

good cycling stability indicates that the interfacial LNTO coating effectively suppresses 

interfacial reactions.  The cyclic voltammetry (CV) profiles for SC-NMC532 and 

PC-NMC532 clearly show the redox peaks of Ni2+/Ni4+ and Ni3+/Ni4+ at around 3.3V (vs. 

Li+/Li-In) (Figure 4-S5).  The overlapping of the oxidation/reduction peaks implies that 

SC-NMC532 has good electrochemical reversibility in SE-based ASSLIBs.  The peak 

currents of SC-NMC532 are higher than those of PC-NMC532, and the polarization of 

SC-NMC532 is less than that of PC-NMC532.  These findings are consistent with the 

charge/discharge curves in Figure 4-3a.   

The rate performance of SC-NMC532 and PC-NMC532 from 0.1C to 1C is presented in 

Figure 4-3d and the corresponding discharge curves at various C-rates are depicted in 

Figure 4-3c.  PC-NMC532 cannot be discharged at 1C due to significant voltage 

hysteresis (Figure 4-3e), while SC-NMC532 shows a discharge capacity of 82 mAh.g-1 at 

1C.  It should be mentioned that the inferior rate-performance of polycrystalline NMC 

cathodes as tabulated in Table 4-S1, has been reported multiple times prior to this work18, 

35, 36.  Figure 4-3e displays the Ragone plots of SC-NMC532-based ASSLIBs and 

previously reported promising ASSLIBs at room temperature.  Detailed references are 

listed in Table 4-S2.  Obviously, SC-NMC532-based ASSLIBs offer the highest energy 

density and power density, suggesting that the high theoretical power density of ASSLIBs 

will be more readily realized by using single-crystal NMC cathodes instead of 

polycrystalline.   

The disparity in rate-performance between SC-NMC532 and PC-NMC532 strongly 

suggests that SC-NMC532 has faster Li+ kinetics than PC-NMC532 in ASSLIBs.  To 
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quantify the Li+ diffusion coefficients, both SC-NMC532 and PC-NMC532 were tested 

during the initial charge/discharge process using the galvanostatic intermittent titration 

technique (GITT) (Figure 4-3g and 4-3h).  Both the polarization and Li+ diffusion 

coefficients of SC-NMC532 and PC-NMC532 are calculated based on the initial charge 

and discharge process separately and discussed in Figure 4-4.   

 

Figure 4-4 Quantification of Li+ diffusion coefficients of SC-NMC532 and 

PC-NMC532 during the initial charge/discharge process. (a) Comparison of the 

GITT behavior and polarization curves during the initial charge process.  (b)  Li+ 

diffusion coefficients of LNTO@SC-NMC532 and LNTO@PC-NMC532 at different 

charge states.  (c) Comparison of GITT behavior and polarization curves during the 

initial discharge process. (d) Li+ diffusion coefficients of LNTO@SC-NMC532 and 

LNTO@PC-NMC532 at different discharge states.   
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Based on the GITT results, the Li+ diffusion coefficient can be calculated with the 

equation:23, 37 

𝑫𝑳𝒊+ =
𝟒

𝝅𝝉
(

𝒎𝑵𝑴𝑪𝟓𝟑𝟐𝑽𝑵𝑴𝑪𝟓𝟑𝟐

𝑴𝑵𝑴𝑪𝟓𝟑𝟐𝑺
)𝟐(

∆𝑬𝒔

∆𝑬𝝉
)𝟐                 (1) 

where  is the relaxation time (2 hours), mNMC532 is the actual mass of SC-NMC532 in 

the electrode composite, VNMC532 is the molar volume of SC-NMC532 (20.73 cm3.mol-1), 

MNMC532 is the molar mass of the host materials SC-Li(Ni0.5Mn0.3Co0.2)O2 (96.58 g.mol-1), 

∆Es the steady-voltage change after 2 hours of relaxation and ∆Eτ is the change in the 

transient-voltage change after a 5 min discharge process at 0.13 mA.cm-2.   

Figure 4-4a compares the GITT curve and electrochemical polarization of SC-NMC532 

and PC-NMC532 during the charging process.  The electrochemical polarization of 

SC-NMC532 is less than 50 mV while that of PC-NMC532 is over 110 mV.  The 

average Li+ diffusion coefficient of SC-NMC532 is 1.84 × 10-10 cm2.s-1 during the initial 

charge process, 6.25 times higher than that of PC-NMC532 (2.94 × 10-11 cm2.s-1) (Figure 

4-4b).  Figure 4-4c shows the GITT profile and polarization voltage of SC-NMC532 

and PC-NMC532 during the initial discharging process.  The discharging polarization 

voltage of SC-NMC532 (< 180 mV) is also smaller than that of PC-NMC532 (~300 mV).  

The increased polarization at the end of the discharge process is due to the saturation of 

Li+ sites in the NMC532 crystal structure.38  The average Li+ diffusion coefficient for 

SC-NMC532 (2.78 × 10-10 cm2.s-1) during the discharge process is almost 13.9 times 

higher than that of LNTO@PC-NMC532 (2.00 × 10-11 cm2.s-1).  Overall, SC-NMC532 

exhibits a Li+ diffusion coefficient of 6~14 times higher than PC-NMC532 in ASSLIBs.  

Single-crystal NMC cathodes, therefore, have the potential to enable simultaneously high 

energy-density and power-density ASSLIBs at room temperature.   
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4.4. Conclusions 

In summary, we systematically evaluated the electrochemical performance of 

SC-NMC532 in SE-based ASSLIBs.  SC-NMC532 exhibits a Li+ diffusion coefficient 

of 6~14 times higher than PC-NMC532.  Consequently, SC-NMC532 exhibits an initial 

specific capacity of 151.2 mAh.g-1 and retains a specific capacity of 88.9 mAh.g-1 after 

150 cycles.  More importantly, SC-NMC532 exhibits a specific capacity of 82 mAh.g-1 

under a high current density of 1.3 mA.cm-2 while PC-NMC532 only shows 2.1 mAh.g-1.  

This work demonstrates that single-crystal NMC cathodes present a new avenue toward 

ASSLIBs with high energy density and high power density at room temperature. 
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4.7 Supporting Information 

 

Figure 4-S1.  The EIS spectra of Li10GeP2S12 and corresponding Arrhenius plot. The 

room-temperature ionic conductivity of LGPS is 3.5 x 10-3 S.cm-1.   

 

Figure 4-S2. SEM-EDX mapping of LNTO-coated SC-NMC532. (a) SEM image. (b) 

Ni mapping.  (c) Mn mapping.  (d) Co mapping.  (e) Nb mapping. (f) Ta mapping.   
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Figure 4-S3. XRD patterns of LNTO-coated SC-NMC532 and LNTO-coated 

PC-NMC532.  The (104) peak at 44.6 for SC-NMC532 is split.  This is caused by the 

separation of Kα1 and Kα2 reflected from the (104) lattice plane1 and is characteristic of 

single-crystal NMC cathodes.1-4     

 

 

Figure 4-S4. EIS results of SC-NMC532 and PC-NMC532 after first charging to 

3.8V.  The internal resistance of SC-NMC532 is 181 , much lower than that of 

PC-NMC532 (463 ).   
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Figure 4-S5.  (a) CV profiles of SC-NMC532.  (b) CV curves of PC-NMC532.   

 

Table 4-S1. Comparison of the rate performance of various cathodes in SE-based 

ASSLIBs. 

Cathode Composites 
Active material 

loading 
Rate definition Capacity at 1C Reference 

LiNbO3-coated 

NMC622 
6.4 mg.cm-2 

1 C = 0.4 

mA.cm-2 
50 mAh.g-1 Ref 1.5 

Li2ZrO3-coated NCA 6.8 mg.cm-2 
1C= 1 

mA.cm-2 
70 mAh.g-1 Ref6 

NMC811 10.7 mg.cm-2 
1C= 

2.14mA.cm-2 
0 mAh.g-1 Ref.7  

NMC622 34 mg.cm-2 
1C=6.84 

mA.cm−2 

45 mAh.g-1 (at 

60C) 
Ref.8 
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LiNb0.5Ta0.5O3-coated 

SC-NMC532 
10.7 mg.cm-2 

1 C = 1.3 

mAcm-2 
82 mAh.g-1 This work 

Single-crystal NMC532 shows an outstanding discharge capacity of 82 mAh.g-1 at 1C at 

room temperature, the highest value reported so far. 

 

Table 4-S2 The references for the Ragone plot.  

Name References 

Ref #1 R. Mosthev, B. Johnson, J. Power Sources 2000, 91, 86.9 

Ref #2 
K. Takada et al. Adv. Mater. (2006), 18, 2226-2229. DOI: 

10.1002/adma.200502604.10 

Ref #3 
R. Kanno et al. Nat. Mater. (2011),10, 682-686 DOI: 

10.1038/NMAT3066.11  

Ref #4 
J. Janek et al. ACS Appl. Mater. Interfaces (2017), 9, 

17835−17845 DOI: 10.1021/acsami.7b01137.12 

Ref #5 
Y-S Jung et al. Adv. Mater. (2016), 28, 1874–1883. DOI: 

10.1002/adma.201505008.13  
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Chapter 5 

5. Deciphering Oxygen Release of Single-Crystal NMC532 

and Its Effect on Sulfide-based ASSLIBs* 

As revealed in Chapter 4, single-crystal NMC532 can simultaneously enable the 

high-power density and high energy density of ASSLIBs at room temperature as long as 

the interfacial resistance is successfully suppressed by an interfacial coating layer. 

However, the root cause of the large interfacial resistance and the functionality of the 

interfacial coating layer has not been well-understood. 

In this work, we further investigated the underlying mechanism of interfacial reactions 

between single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) and sulfide electrolytes.  It is 

found that the oxygen loss from SC-NMC532 contributes to significant oxidation of the 

sulfide electrolyte Li10GeP2S12 upon cycling.  In addition, the structural degradation 

from a layered structure to a rock-salt structure further impedes interfacial Li+ transport 

in ASSLIBs.  Fortunately, an interfacial coating is demonstrated to be effective in 

preventing oxygen release and interfacial structure change, successfully mitigating the 

large interfacial resistance of ASSLIBs.  As a result, LiNb0.5Ta0.5O3-coated SC-MC532 

exhibits an initial specific capacity of 161.4 mAh.g-1, which remains at 92.1 mAh.g-1 after 

300 cycles.  This work provides new insights into the large interfacial resistance of 

ASSLIBs and presents new opportunities to design high-performance ASSLIBs.   
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5.1 Introduction 

All-solid-state lithium-ion batteries (ASSLIBs) are attracting worldwide attention due to 

their significantly improved safety, energy density, and cycling life.1, 2  However, 

several challenges hinder the development of ASSLIBs, including (1) insufficient ionic 

conductivity of solid-state inorganic electrolytes, and (2) large interfacial resistance 

originating from detrimental interfacial reactions and poor solid-solid contact between 

inorganic solid-state electrolytes and electrode materials.  With the continuous efforts 

over the past decades, a lot of solid-state sulfide electrolytes (SEs) with high ionic 

conductivity reported, such as Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS.cm-1)3 and Li10GeP2S12 

(LGPS, 12 mS.cm-1),4 Li7P3S11 (17 mS.cm-1)5.   Their ionic conductivities are even 

greater than that of liquid electrolytes (10.2 mS.cm-1).6  Therefore, SE-based ASSLIBs is 

regarded as one of the most promising solid-state battery systems.  However, the 

detrimental interfacial reactions and insufficient solid-solid contact between electrode 

materials and SEs significantly suppress the electrochemical performance of SE-based 

ASSLIBs.7-10  To address these challenges, many soluble SSEs have been developed, 

which can coat cathode materials or infiltrate into the electrode sheet to significantly 

improve the solid-solid contact in ASSLIBs.11-16  In addition, various interfacial buffer 

layers (i.e. LiNbO3, LiTaO3) have been engineered to prevent interfacial reactions 

between electrode materials and SEs.9, 17, 18  With remarkable progress in improving 

ionic conductivity and suppressing interfacial resistance, SE-based ASSLIBs have been 

demonstrated with the high power density and high energy density throughout a wide 

temperature window.19-24  In contrast to the many efforts made toward improving 

electrochemical performance, little work has been committed to developing an 

understanding of the interfacial reaction mechanisms between oxide cathodes and SEs, 

particularly between high-capacity 3d-transition-metal oxide cathodes and sulfide 

electrolytes.   
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Oxygen electrochemical/chemical activity has been widely reported in liquid cells 

featuring 3d-transition-metal oxide cathodes, particularly in layered NMC 

(Li[NixCoyMnz]O2, x+y+z=1) cathodes and Li-rich cathodes.25-29  The lattice oxygen 

loss results in voltage and capacity fading as well as a phase transformation from a 

layered structure to a spinel and/or rock-salt structure.26-33  To date, these challenges 

have not been explored in the context of ASSLIBs.   

In this work, we investigated the interfacial reaction mechanisms and near-surface 

structural change between single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) and sulfide 

electrolyte Li10GeP2S12 (LGPS), by X-ray photoelectron spectroscopy and high-resolution 

transmission electron microscopy (HRTEM).  It was found that oxygen release from 

layered SC-NMC532 is a trigger for detrimental interfacial reactions, which in turn 

induce the structural change from a layered structure to a rock-salt structure.  Both the 

oxidation of SEs and the structural change are responsible for the large interfacial 

resistance of ASSLIBs.  As a remedy, interface modification has been demonstrated to 

be effective in suppressing oxygen release and preventing structural change.  

LiNb0.5Ta0.5O3 (LNTO)-coated SC-NMC532 exhibits an initial specific capacity of 161.4 

mAh.g-1 and remains at 92.1 mAh.g-1 after 300 cycles.  This work provides new insights 

into the large interfacial resistance of SE-based ASSLIBs and sheds light on new 

opportunities for achieving high-performance ASSLIBs. 

5.2 Experimental Sections 

5.2.1 Surface Modification of SC-NMC532   

Stoichiometric amounts of lithium acetate (LiCO2CH3, Sigma-Aldrich, 99.99%), 

niobium(V) ethoxide (Nb(OCH2CH3)5, Sigma-Aldrich, 99.95%, trace metals basis), and 

tantalum(V) butoxide (Ta(OCH2CH2CH2CH3)5, Sigma-Aldrich, 99.99%, trace metals 
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basis) were dissolved in absolute ethanol (Sigma-Aldrich, >99.8%, GC) and stirred 

magnetically for 2 hours. The mass fraction of LNTO sol-gel in absolute ethanol was 

diluted to 10%.  2 g of single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) (supplied from 

the China Automotive Battery Research Institute) was dispersed into 5ml of absolute 

ethanol.  2 wt% LNTO was then added to the SC-NMC532 solution.  After 

magnetically stirring for 2 hours, the solution was dried at 80C. The powder was further 

dried under vacuum at 100C overnight and annealed in air at 450C for 2 hours.  The 

samples are identified as LNTO@NMC532.   

5.2.2 Characterizations 

Transmission electron microscopy (TEM) was performed with a JEM-2100 operated at 

200 kV.  Scanning Transmission Electron Microscopy (STEM)-Energy Dispersive 

Spectroscopy (EDS) mapping was done with an FEI Talos F200X TEM (operated at 

200 keV) equipped with an energy dispersive X-ray spectrometer. HAADF-STEM 

imaging and electron energy loss spectroscopy (EELS) analysis were performed with a 

Hitachi HD2700C with a probe corrector.  Scanning Electron Microscope (SEM) images 

were recorded with an SEM-4800.  Powder X-ray diffraction (XRD) patterns were 

collected on a Bruker AXS D8 Advance with Cu Kα radiation (λ = 1.54178 Å) and a 

special holder to avoid exposure to air during tests.  The X-ray photoelectron 

spectroscopy (XPS) data were collected with a monochromatic Al Kα source (1486.6 eV) 

using a Kratos AXIS Nova Spectrometer. X-ray absorption near edge structure (XANES) 

measurements were carried out at the Canadian Light Source (CLS). Mn K-edge XANES 

data was collected using fluorescence yield mode on the soft X-ray characterization 

beamline (SXRMB) at the CLS30.  To avoid effects from air exposure, all samples were 

sealed with Mylar film attached to Al film. 
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5.2.3 Assembly of ASSLIBs 

70 mg of LNTO@SC-NMC532 and 30 mg of commercial Li10GeP2S12 (LGPS) 

(purchased from MSE supplies) were mixed to serve as the cathode composite.  80 mg 

of LGPS was first pressed at 1 MPa.  12 mg of cathode composite was then uniformly 

spread on one side of the LGPS layer and compressed at 350 MPa.  A piece of indium 

foil was positioned on the other side of the LGPS and pressed at 100 MPa.   The battery 

was rest for 3 hours before electrochemical testing.  The electrochemical impedance 

spectra were recorded from 7 MHz to 0.1 Hz with an amplitude of 10 mV.  The mass 

loading of NMC532 was 10.7 mg.cm-2. 1C is defined as 0.13 mA.cm-2.  All 

electrochemical performance tests were performed at room temperature by a LAND 

electrochemical analysis system.   

5.2.4 DFT Calculation 

All calculations were carried out within the DFT framework as implemented in the 

Vienna Ab Initio Simulation Package (VASP).  The projector augmented-wave 

pseudopotentials were used to describe the interaction between ions and electrons, and the 

exchange-correlation effects were treated using the Perdew–Burke–Ernzerhof (PBE) 

functional under the generalized gradient approximation (GGA) (generalized gradient 

approximation made simple).  Herein, the electronic configurations for the PAW 

potentials were 1s22s1 for Li, 2s22p4 for O, 3d84s1 for Co, 3d94s1 for Ni and 3d64s1 for 

Mn.  The cutoff energy of the plane waves was 500 eV and the Brillouin zone 

integrations were performed using a Monkhorst–Pack scheme with a 2 × 2 × 2 k-point 

mesh (Special points for Brillouin-zone integrations).  For the LiNi0.5Mn0.3Co0.2O2 

structure, a Python program (See Supporting Information) was employed to generate 30 

different configurations based on a 5 × 2 × 1 supercell consisting of 120 atoms and 

determine the most energetically stable configuration by structural optimization.  Ab 
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initio molecular dynamics (AIMD) simulations were also performed to ascertain the 

thermodynamic stabilities of NMC532 structures. AIMD simulations were carried out at 

300 K using the Nose thermostat over 2 ps (a unified formulation of the constant 

temperature molecular-dynamics methods).  For the density of state (DOS) calculations, 

we adopted a DFT+U method to model the Coulombic repulsion between localized 

electrons in transition metals (first-principles calculations of the electronic structure and 

spectra of strongly correlated systems: the LDA+U method).  The optimized values of 

Hubbard U values for Ni, Mn, and Co were taken as found to be 6.7, 4.2 and 4.91 eV, 

respectively, based on the previous study.1  The energy and force convergence limits 

were set to be 1 × 10−5 eV/atom and 1 × 10−5 eV/Å, respectively.  The VESTA package 

was used to visualize the different structures (VESTA: a three-dimensional visualization 

system for electronic and structural analysis).   

5.3 Results and Discussion 
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Figure 5-1 HR-TEM images of pristine SC-NMC532 and LNTO@SC-NMC532.  (a) 

HAADF image of single-crystal NMC532.  (b) Ni, (c) Mn, (d) Co, (e) O elemental 

maps of SC-NMC532 acquired with STEM-EDX. (f) Bright-field TEM image of 

LiNb0.5Ta0.5O3 coating on SC-NMC532. (g) HADDF image of LNTO@SC-NMC532. 

(h) Ni, (i) Mn, (j) Ta, (k) Nb, (l) a combination of Ni and Ta mapping results obtained 

from LNTO@SC-NMC532 with STEM-EDX.   

 

Figure 5-1a to 5-1e show the scanning transmission electron microscopy energy 

dispersive X-ray spectroscopy (STEM-EDX) image and the Ni, Co, Mn, and O elemental 

maps of pristine SC-NMC532 with an average particle size of 3 µm, demonstrating a 

homogenous distribution of all elements.  To suppress the interfacial reactions between 

SC-NMC532 and PC-NMC532 and the sulfide electrolyte Li10GeP2S12 (LGPS), an 

interfacial layer of LiNbTaO3 (LNTO) is put between the SC-NMC532 and LGPS 

(labeled as LNTO@SC-NMC532).  The thickness of the conformal LNTO coating is 10 

nm, as displayed in Figure 5-1f.  The STEM-EDX elemental maps of 

LNTO@SC-NMC532 are displayed in Figure 5-1g to g-1l.  Ta has a strong signal at the 

edge, further suggesting the LNTO was uniformly coated on SC-NMC532.   
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Figure 5-2 Electrochemical Performance of pristine SC-NMC532 and 

LNTO@SC-NMC532.  (a) Comparison of the charge/discharge curves of pristine 

SC-NMC532 and LNTO@SC-NMC532. (b) EIS of bare SC-NMC532 and 

LNTO@SC-NMC532 after initially charging to 3.8V.  (c) Cycling stability of 

pristine SC-NMC532 and LNTO@-SC-NMC532. (d) Rate performance of 

LNTO@SC-NMC532.  (e) Charging/Discharging curves under different current 

densities.   

The electrochemical performances of pristine SC-NMC532 and LNTO@SC-NMC532 in 

SE-based ASSLIBs were first tested under a current density of 0.1C (1C=1.3 mA.cm-2), 

bare SC-NMC532 can be only charged to 76.0 mAh.g-1 and discharged to 41.4 mAh.g-1 

due to the obvious overpotential caused by the interfacial reactions between SC-NMC532 
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and LGPS (Figure 5-2a), while LNTO@SC-NMC532 can be charged to 188.2 mAh.g-1 

and discharged to 161.4 mAh g-1, indicating that LNTO interfacial coating layer can 

effectively suppress the interfacial resistance resulting from the interfacial reactions 

between LGPS and SC-NMC532.  Furthermore, the initial Coulombic efficiency (CE) 

(54.5%) of bare SC-NMC532 is also enhanced to 85.1% by introducing interfacial 

coating layer LNTO, which is close to that of liquid-based cells (85.8%) (Figure S3).  

Furthermore, the interfacial resistances of bare SC-NMC532 and LNTO@SC-NMC532 

were confirmed by electrochemical impedance spectroscopy (EIS) (Figure 5-2b).  The 

interfacial resistance between bare SC-NMC532 and LGPS is as large as 1400 , which 

is effectively reduced to 200  with LNTO interfacial coating.   

Figure 5-2c exhibits the cycling stability of bare SC-NMC532 and LNTO@SC-NMC532.  

After 300 cycles, the capacity of bare SC-NMC532 is only 1.2 mAh.g-1 with a decay rate 

per cycling of 1.2%.  Comparatively, the specific capacity of LNTO@SC-NMC532 

which remains at 92.1 mAh.g-1 after 300 cycles.  The corresponding decay rate is 0.18%, 

which about 10 times lower than bare SC-NMC532.  The improved cycling stability 

indicates that the interfacial coating layer LNTO is stable upon cycling.  Figure 5-2d 

shows the rate-performance of LNTO@SC-NMC532 from 0.1C to 1C.  

LNTO@SC-NMC532 shows a discharge capacity of 82 mAh.g-1 at 1C.  It should be 

mentioned that the rate-performance of LNTO@SC-NMC532 outperforms a lot of 

previous reports,24-26 as tabulated in Table 5-S1.   
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Figure 5-3 XPS Spectra of LGPS, SC-NMC532/LGPS electrode after 100 cycles, and 

LNTO@SC-NMC532 electrode after 100 cycles. (a) full survey.  (b) S 2p spectra. (c) 

P 2p spectra. (d) Mn 2p spectra.   

X-ray photoelectron spectroscopy (XPS) was employed to probe the interfacial reactions 

between SC-NMC532 and LGPS after cycling.  Figure 5-3a shows the full surveys of 

pristine LGPS, SC-NMC532/LGPS after 100 cycles, and LNTO@SC-NMC532 after 100 

cycles, in which elements such P, S, Ge, Ni, Co, Mn are clearly detected.  Interestingly, 

the S 2p and P 2p peaks of SC-NMC532/LGPS and LNTO@SC-NM532 became are 

considerably different after cycling (highlighted by yellow).  Figure 5-3b displays the 

high-resolution S 2p spectra from two samples and pristine LGPS.  LGPS only shows a 

pair of peaks at 161.26 eV, which is corresponding to the PS4
3-.  Comparatively, 

SC-NMC532/LGPS after 100 cycles shows a lot of additional peaks at the higher binding 

energy.  The additional peaks between 162 eV and 165 eV can be assigned to the 

polysulfides, such as S0 or -Sn- (n2), indicating LGPS is oxidized by SC-NMC532 

during the cycling.24  More interestingly, the strong peaks of sulfates SO3
2- (166.8eV) 
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and SO4
2- (168.8 eV) are clearly observed, suggesting the oxygen in NMC532 reacts with 

S of LGPS, thus forming SO4
2- and SO3

2- species.27  With the LNTO interfacial coating 

layer, the intensity of the SO4
2- and SO3

2- peaks is greatly suppressed, suggesting the 

interfacial coating layer can prevent the interfacial reactions between SC-NMC532 and 

LGPS.  Figure 5-3c presents high-resolution P 2p spectra of pristine LGPS, 

SC-NMC532 after 100 cycles, and LNTO@SC-NMC532 after 100 cycles.  Compared to 

the P 2p spectra of pristine LGPS, the P 2p spectra of SC-NMC532/LGPS shows 

additional peaks at higher binding energy, which indicates the formation of PO4
3-.  The 

intensity of P-O peaks is decreased with the LNTO interfacial coating layer, suggesting 

that P-O formation is due to the interfacial reactions between SC-NMC532 and LGPS, 

which can be suppressed by LNTO interfacial coating layer.  XPS results clearly 

demonstrate that new species such as SO4
2-, SO3

2- and PO4
3- are formed at the interface 

between SC-NMC532 and LGPS after cycling.  Actually, these oxygen-containing 

species are commonly observed in different oxide cathode/sulfide-based ASSLIBs, 

including LCO/LGPS,27 LCO/Li6PS5Cl, NMC811/Li3PS4,  However, the underlying 

reason has not been well-studied.   

Now the question is where the oxygen comes from.  We assumed that oxygen comes 

from SC-NMC532 during cycling.  To test this assumption, Mn4+ change of NMC 

cathodes after cycling was further verified by X-ray absorption spectroscopy because the 

reduction of Mn ions is normally accompanied by the oxygen evolution of NMC 

cathodes.28  As shown in Figure 5-3d, comparing to the pristine SC-NMC532 in which 

the oxidation state Mn is Mn4+, the Mn 2p spectra of SC-NMC532 after 100 cycles are 

shifted to lower binding energy, indicating Mn4+ is reduced.  With the interfacial coating 

layer, Mn reduction can be mitigated.  Furthermore, X-ray absorption spectroscopy 

(XAS) was also performed to probe the Mn valent state change. (Figure 5-S6).  Clearly, 

the Mn4+ is reduced after 100 cycles, implying the oxygen evolution from NMC cathodes 

can contribute to the formation of SO4
2-, SO3

2- and PO4
3- at the interface in ASSLIBs.  
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Fortunately, the Mn reduction can be effectively mitigated by adding interfacial coating 

layer LNTO.    

 

Figure 5-4 Interfacial structure change and chemical evolution of SC-NMC532. (a) 

HAADF-STEM image of pristine SC-NMC532.  (b ) HAADF-STEM image of 

SC-NMC532-after 100 cycles.  (c) HAADF- STEM image of LNTO@SC-NMC532 

after 100 cycles.  (d) Illustration of a layered R-3m structure.  (e) Illustration of a 

spinel Fd-3m structure.  (f) Illustration of a rock-salt structure.   

To investigate the structural changes at the surface of SC-NMC532, HAADF-STEM 

images were acquired.  To avoid the contamination during imaging, the sulfide 

electrolytes at the interface were totally removed by ethanol. As displayed in Figure 5-4a, 

the well-defined layered structure of SC-NMC532 was observed.  STEM-EELS line 

scan of Mn L2,3 edge presents the oxidation state of Mn is homogeneous over the sample.  

After 100 cycles in SE-based ASSLIBs, the reduction of Mn was found from the surface 

to the inner layered structure (Figure 5-4b), suggesting the oxygen evolution of 

SC-NMC532.  More obviously, the interfacial layered structure was changed to a 

rock-salt structure after cycling (Figure 5-4g and 5-4h).  The surface reconstruction is 
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also associated with the oxygen evolution of SC-NMC532.29-31   With the interfacial 

coating layer, Mn reduction is alleviated (Figure 5-4e and 5-4f). A couple of nanometers 

thick spinel layer was found at LNTO@SC-NMC532 (Figure 5-4i) but considering that 

the average oxidation state of transition metals is lower at rock-salt than spinel, we can 

infer that oxygen loss and interface reconstruction can be alleviated by interface coating.   

 

Figure 5-5 First-principles calculation to determine the formation energy of oxygen 

vacancies in SC-NMC532.  (a) The formation energy of oxygen vacancies as a 

function of Li vacancy numbers.  (b) The comparison of Ni d states after removing 

Li atoms from the supercell.  (c) The comparison of Mn d states after removing Li 

atoms from the supercell. The Fermi level is set to be 0 eV.  (d) Illustration of oxygen 

vacancies in LiNi0.5Mn0.3Co0.2O2 supercells under different Li vacancy contents.   

In general, Li vacancies (VLi) vacancies are generated during the charging and 

discharging of SC-NMC532.  Oxygen vacancies (VO) is associated with the loss of 

lattice oxygen.  Density functional theory calculations were performed to study the 

energetics of oxygen vacancy (VO) formation in SC-NMC532 and its dependence on Li 
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vacancy concentration (VLi).  Figure S4 shows the formation energy of oxygen 

vacancies as a function of VO concentration.  It can be seen that at the pristine state (no 

de-lithiation) of SC-NMC532 the formation energy of VO is 2.05 eV, which 

monotonically increases with the concentration of VO.  This indicates that the generation 

of VO is energetically difficult at the beginning of charging.  Contrastingly, with Li 

vacancies generated in the lattices (during cycling), the formation energy of VO reduces 

monotonically (Figure 5a and Figure 5d).  For example, with 12 VLi, the formation 

energy of VO is only 0.981 eV, which indicates that the continued formation of VLi the 

generation of Vo becomes increasingly favorable under high-voltages.  In addition, the d 

states in Ni shift to higher energy with the generation of Li vacancies, suggesting that the 

Ni2+ in the pristine SC-NMC532 is oxidized (Figure 5b).  This observation is consistent 

with the fact that the de-lithiation of NMC cathodes is accompanied by Ni2+/Ni4+ and 

Ni3+/Ni4+ oxidation.  On the contrary, the d states in Mn shift towards lower energy 

levels with the generation of Li vacancies (Figure 5c), suggesting that Mn tends to be 

reduced with the loss of lattice oxygen.  This observation is again supported by the Mn 

XPS and XAS results discussed above.  These results further demonstrate that oxygen 

loss in SC-NMC532 occurs at high charging states and induces near-surface structure 

change, which in turn accounts for the large interfacial resistance of ASSLIBs.   

5.4. Conclusions 

We demonstrated in this work that the oxygen release from SC-NMC532 contributes to 

the detrimental interfacial reactions between LGPS and SC-NMC532, which was 

validated by XPS and DFT calculations.  The oxygen loss during cycling also induces a 

structural change from a layered structure to a rock-salt structure, as observed by 

HADDF-STEM and verified by XANES.  This structural change also impedes 

interfacial Li+ transport.  As a remedy, the interfacial coating is demonstrated to be 

effective in suppressing the oxygen loss and interfacial structural change, thereby 
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mitigating interfacial reactions and eliminating interfacial resistance.  LNTO-coated 

SC-MC532 exhibits an initial specific capacity of 161.4 mAh.g-1, which remains at 92.1 

mAh.g-1 after 300 cycles.  Moreover, a high discharge capacity of 82 mAh.g-1 was 

demonstrated at current density of 1C (1C= 1.3 mA.cm-2).  This work provides new 

insights into the large interfacial resistance of ASSLIBs and presents new opportunities to 

design high-performance ASSLIBs.   
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5.8 Supporting Information 

 

Figure 5-S1. Electrochemical performance of SC-NMC532 in liquid electrolytes.  (a) 

Initial charge/discharge curves.  (b) Charge/discharge curves at the 100th cycle.  (c) 

Cycling stability of SC-NMC532 in liquid cells at a current density of 0.13 mA.cm-2. 
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Table 5-S1. Comparison of the rate performance of various cathodes in SE-based 

ASSLIBs. 

Cathode Composites 

Active material 

loading 

Rate definition Capacity at 1C Reference 

LiNbO3-coated NMC622 6.4 mg.cm-2 

1 C = 0.4 

mA.cm-2 

50 mAh.g-1 Ref 1.2 

Li2ZrO3-coated NCA 6.8 mg.cm-2 1C= 1 mA.cm-2 70 mAh.g-1 Ref3 

NMC811 10.7 mg.cm-2 1C= 2.14mA.cm-2 0 mAh.g-1 Ref.4  

NMC622 34 mg.cm-2 

1C=6.84 

mA.cm−2 

45 mAh.g-1 (at 

60C) 

Ref.5  

LiNb0.5Ta0.5O3-coated 

SC-NMC532 

10.7 mg.cm-2 

1 C = 1.3 

mAcm-2 

82 mAh.g-1 This work 

Single-crystal NMC532 shows an outstanding discharge capacity of 82 mAh.g-1 at 1C at 

room temperature, the highest value reported so far.   
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Figure 5-S2. Interfacial structure change and chemical evolution of SC-NMC532. (a, 

b, c) HR-TEM image of pristine SC-NMC532 and the corresponding EELS spectra of Mn 

2p and O 1s (d, e, f) HR-TEM image of SC-NMC532-after 100 cycles and the 

corresponding EELS spectra of Mn 2p and O 1s.  (g, h, i) HR-TEM image of 

LNTO@SC-NMC532 after 100 cycles and the corresponding EELS spectra of Mn 2p and 

O 1s.   
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Figure 5-S3 X-ray absorption spectroscopy (XAS) of bare SC-NMC532, 

SC-NMC532 after 100 cycles, and LNTO@SC-NMC532-after 100 cycles.  (a) and (b) 

Mn K-edge, (c) and (d) Co K-edge.  (e) and (f) Ni K-edge.   
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Figure 5-S4. The formation energy of oxygen vacancies as a function of oxygen vacancy 

concentration.    
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Chapter 6 

6. Unraveling Interfacial Ion Transport in All-Solid-State 

Lithium-Ion Batteries* 

Based on our previous studies, an interfacial coating layer is indispensable to 

successfully achieve high-performance all-solid-state lithium-ion (Li+) batteries 

(ASSLIBs).  However, the kinetics of Li+ transport across the coating layer itself has not 

been studied yet.   

Here we engineered the interfacial coating layer (LiNb0.5Ta0.5O3) with different Li+ 

conductivity.  By relating the electrochemical performance of ASSLIBs to the ionic 

conductivity of the interfacial coating, it is found that increasing the ionic conductivity of 

the interfacial coating layer can significantly improve the electrochemical performance of 

ASSLIBs.  Most importantly, the critical interfacial ionic conductivity of approximately 

3.87 × 10-5 S.cm-1 is required for ASSLIBS to achieve the comparable electrochemical 

performance with that of liquid cells.  Notably, LiNi0.5Mn0.3Co0.2O2 with the highest 

ion-conductive interfacial coating can exhibit an initial capacity of 152 mAh.g-1 at 0.1 C 

and 88 mAh.g-1 at 1C.  This work suggests that apart from suppressing interfacial 

reactions, enhancing the Li+-conducting capability of the interfacial coating layer is also 

imperative for achieving high-performance SE-based ASSLIBs.   

 

 

 

 

*Note: This work has been submitted. 
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Adair, Yulong Liu, Xia Li, Sixu Deng, Xiaofei Yang, Ruying Li, Huan Huang, Li, Zhang, 

Shigang Lu, Dong Su, and Xueliang Sun. Revealing Interfacial Ion Transport Kinetics in 

All-Solid-State Lithium-Ion Batteries. Submitted.   
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6.1. Introduction 

All-solid-state lithium-ion batteries (ASSLIBs) have gained worldwide attention in recent 

years due to their improved safety feature and energy density over conventional LIBs 

with flammable liquid organic electrolytes.1-3  However, the commercialization of 

ASSLIBs has been hindered by several challenges.  First, developing solid-state 

electrolyte with high ionic conductivity and good electrochemical stability.4  Second, 

overcoming large interfacial resistance for lithium-ion (Li+) transport in ASSLIBs.5, 6  

Besides, developing cost-effective manufacturing protocol is also very crucial for the 

successful commercialization of ASSLIBs.7, 8  The first challenge has been well 

addressed by developing high Li+-conductive solid-state sulfide electrolytes (SEs), such 

as Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS.cm-1),9 Li7P3S11 (17 mS.cm-1), Li10GeP2S12 (12 

mS.cm-1),10 Li10.35[Sn0.27Si1.08]P1.65S12 (11 mS.cm-1),11 Li6+xP1−xGexS5I (18 mS.cm-2),12 

and Na2.88Sb0.88W0.12S4 (32 mS.cm-1).13  Although SEs with high ionic conductivity have 

been successfully developed, SE-basedASSLIBs demonstrate dissatisfactory 

electrochemical performance due to large interfacial resistance.  The large interfacial 

resistance is mainly caused by severe interfacial reactions and the insufficient solid-solid 

contact between oxide cathodes and SEs.14-16  In order to suppress the interfacial 

resistance, soluble SEs in organic solvents (i.e. Li2S-P2S5
17, Li6PS5Cl,18 Li6PS5Br19, 

LiI-LiSnS4
20, Na3SbS4

21) are developed to coat oxide cathodes, thus dramatically 

improving the solid-solid contact.4, 7, 22  On the other hand, the necessity of an interfacial 

coating layer (i.e. LiNbO3,
23, 24 Li4Ti5O12,

25 Li2O-ZrO2,
26 or Li0.35La0.5Sr0.05TiO3

27) to 

suppress interfacial reactions between oxide cathodes and SEs has been confirmed by lots 

of experiments and theoretical calculations.28-30  However, the kinetics of Li+ transport 

across the interfacial coating layer has not been fully understood yet.   

In this work, we purposely manipulated the ionic conductivity of an interfacial coating 

layer LiNb0.5Ta0.5O3 (LNTO), aiming at investigating the effect of interfacial ionic 
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conductivity on SE-based ASSLIBs.  LNTO with different Li+-conductivities was 

successfully coated on single-crystal LiNi0.5Mn0.3Co0.2O2 (NMC532) via tuning 

post-annealing temperature.  It is found that NMC532 coated with low Li+-conductive 

LNTO shows a low Li+ diffusivity of 1.11 × 10-11 cm2.s-1 while NMC532 coated with 

high Li+-conductive LNTO exhibits the high Li+ diffusivity of 1.36 × 10-10 cm2.S-1, 

suggesting that improving the ionic conductivity of the interfacial coating layer can 

significantly boost Li+ diffusion kinetics in SE-based ASSLIBs.  The high 

Li+-conductive LNTO-coated NMC532 shows a high initial capacity of 152 mAh.g-1 at 

0.1 C and 107.5 mAh.g-1 at 1C at room temperature.  This work manifests that 

improving the ionic conductivity of the interfacial coating layer can accelerate Li+ 

transport across the cathode/SE interface, which is of great importance toward 

high-performance SE-based ASSLIBs.   

6.2 Experimental Section 

6.2.1Synthesis of LiNb0.5Ta0.5O3 (LNTO) 

Stoichiometric amounts of lithium acetate (LiCO2CH3, Sigma-Aldrich, 99.99%), 

niobium(V) ethoxide (Nb(OCH2CH3)5, Sigma-Aldrich, 99.95%, trace metals basis), and 

tantalum(V) butoxide (Ta(OCH2CH2CH2CH3)5, Sigma-Aldrich, 99.99%, trace metals 

basis)  were dissolved in absolute ethanol (Sigma-Aldrich, >99.8%, GC) and stirred 

magnetically for 2 hours.  Then dry the homogeneous sol at 80C.  After further drying 

the sol at 100C under vacuum for overnight. The LiNb0.5Ta0.5O3 powder was obtained.  

Then LiNb0.5Ta0.5O3 powder was annealed in air at 350C, 450C, and 550C for 2 hours, 

respectively.  To determine the ionic conductivity of 100 mg LiNb0.5Ta0.5O3 was pressed 

as a pellet around 350 MPa, then two pieces of indium foil were attached to both sides of 

the pellet.  The pressure of 50 MPa was further applied to ensure the solid-solid contact 

between the indium foil and the LNTO pellet.  The electrochemical impedance spectra 



152 

 

were from 7MHz to 0.1Hz with an amplitude of 10 mV.   

6.2.2 Synthesis of LNTO@NMC532.   

The mass fraction of LNTO so-gel in absolute ethanol was diluted to 10%.  2 g 

single-crystal LiNi0.5Mn0.3Co0.2O2 (NMC532) (supplied from China automotive battery 

research institute) was dispersed into 5ml absolute ethanol.  And then 2 wt% LNTO was 

added into the NMC532 solution.  After magnetically stirring 2 hours, the solution was 

dry at 80C. Then LNTO@NMC532 was further dried under vacuum at 100C for 

overnight.  Then LNTO@NMC532 was annealed in air at 350C, 450C, and 550C for 

2 hours, respectively.   The samples were labeled at LNTO@NMC532-350, 

LNTO@NMC532-450, and LNTO@NMC532-550, respectively.   

6.2.3 Characterizations 

TEM analysis was performed on a transmission electron microscopy (TEM; JEM-2100, 

200 kV). Scanning Transmission Electron Microscopy (STEM)-Energy Dispersive 

Spectroscopy (EDS) mapping was done by an FEI Talos F200X TEM (operated at 

200 keV) equipped with an energy dispersive X-ray spectrometer.  SEM images were 

recorded using a Scanning Electron Microscope (SEM-4800) a Bruker D8 diffractometer, 

using Cu Kα radiation. X-ray diffraction (XRD) was employed to obtain XRD patterns.   

6.2.4 Assembly of All-Solid-State Lithium-Ion Batteries 

70 mg LNTO@LCO and 30 mg commercial Li10GeP2S12 (LGPS) (purchased from MSE 

supplies, its room-temperature ionic conductivity is 3.5 × 10-3 S.cm-1) was mixed as the 

cathode composites.  80 mg LGPS was pressed at 1 MPa first.  Then 12 mg cathode 

composite was uniformly spread on one side of the LGPS layer and compressed at 350 

MPa.  A piece of indium foil was attached to the other side of LGPS and pressed at 100 
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MPa.   Then the battery was retested for 6 hours before electrochemical testing.  The 

electrochemical impedance spectra were from 7MHz to 0.1Hz with an amplitude of 10 

mV.  The CV was tested from 1.9V to 3.8V with a scan rate of 0.02 mV.s-1.  The GITT 

was performed with a 5 min discharge at 0.1C followed by 2 hours of relaxation.  The 

mass loading of NMC532 is 10.7 mg.cm-2. 1C is defined at 0.13 mA.cm-2.  All the 

electrochemical performance was tested at room temperature by the LAND 

electrochemical analysis system.   

6.3. Results and Discussion 

6.3.1 Synthesis of Interfacial LiNb0.5Ta0.5O3 (LNTO) with 

Different Ionic Conductivities.   

LNTO has a low electrical conductivity (10-11 S.cm-1) and wide electrochemical 

window,30, 31 which is beneficial for suppressing interfacial reactions at the cathode/SE 

interface and providing good interfacial stability upon cycling.  Most interestingly, the 

ionic conductivity of LNTO can be tuned by altering post-annealing temperature,31-33 

which provides us a unique platform for studying the effect of interfacial coating layer 

ionic conductivity on the electrochemical performance of SE-based ASSLIBs.  First 

LNTO was synthesized by a sol-gel method.34  Thermogravimetry (TG) and differential 

scanning calorimetry (DSC) was employed to determine the annealing temperature of 

LNTO in air.  As shown in TG-DSC curves (Figure 6-S1), the organic species of Nb 

and Ta precursors are decomposed in air before 350C.  Three exothermic peaks are 

shown at 380 C, 410 C, and 427 C, which implies the formation of LNTO 

nanocrystals.31, 35  No any exothermic peak is observed after 450C.  Therefore, LNTO 

powder was thermally treated at 350 C, 450 C, and 550 C in air for 2 hours to obtain 

different ionic conductivity, respectively.  The detailed experimental procedure can be 

found in Supporting Information.  X-ray diffraction (XRD) patterns in Figure 6-1a 
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indicates that LNTO annealed at 350 C, 450 C and 550 C is amorphous, partially 

crystallized, and fully crystallized, respectively.  The ionic conductivities of LNTO 

annealed at 350 C, 450C, and 550C are 13.2 µS cm-1, 38.7 µS.cm-1, and 2.43 µS cm-1, 

respectively, as evaluated by electrochemical impedance spectroscopy (EIS) (Figure 6-1b, 

6-1c).  The same relationship between the ionic conductivity and crystallinity of LNTO 

has also been found in early references.31, 36   

 

Figure 6-1 Characterizations on LiNb0.5Ta0.5O3 (LNTO) and LNTO@NMC532.   (a) 

XRD patterns of LiNb0.5Ta0.5O3 (LNTO) annealed at various temperatures.  (b)  

EIS profile of LNTO after annealing at different temperatures.  (c) The ionic 
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conductivity of LNTO annealing at different temperatures.  (d) TEM image of 

LNTO@NMC532 annealed at 350C.  (e) TEM image of LNTO@NMC532 annealed 

at 450C.  (f) TEM image of LNTO@NMC532 annealed at 550C.  (g) STEM-EDX 

mapping of Nb, Ta and Ni-Ta combination.   

To interpose the LNTO interfacial layer at the cathode/SE interface, LNTO sol-gel was 

coated on single-crystal LiNi0.5Mn0.3Co0.2O2 (NMC532) followed by the same annealing 

procedures as mentioned above.  These LNTO-coated NMC532 cathodes are labeled as 

LNTO@NMC532-350, LNTO@SC-NMC532-450, and LNTO@NMC532-550, 

respectively.  High-resolution transmission electron microscopy (HRTEM) was 

performed to inspect the crystallinity, thickness, and uniformity of the LNTO interfacial 

layer.  Figure 6-1d, 6-1e, and 6-1f exhibit the TEM images and corresponding fast 

Fourier transform (FFT) patterns (inset) of LNTO@NMC532-350, 

LNTO@NMC532-450, and LNTO@NMC532-550, respectively.  All the thickness of 

the LNTO interfacial layer on NMC532 is consistently 5 nm.  The LNTO interfacial 

layers annealed at 350 C and 450 C does not show FFT patterns, indicating the LNTO 

interfacial layer is in an amorphous state.  While LNTO interfacial layer annealed at 550 

C clearly exhibits an FFT pattern, indicating the crystalline LNTO layer is formed on the 

NMC532 surface.  By increasing the annealing temperature, the crystallinity of LNTO is 

enhanced, which is in good agreement with the XRD result of LNTO.  Representative 

scanning TEM (STEM)-energy-dispersive X-ray (EDX) mapping of 

LNTO@NMC532-450 is present in Figure 6-1g, verifying the uniformity and 

conformality of LNTO interfacial layer on NMC532 surface.  To further confirm that 

LNTO is fully covered on NMC532 at a macroscopic perspective, scanning electron 

microscopy (SEM) coupled with EDX was performed.  As displayed in Figure 6-S2, 

6-S3, and 6-S4, the uniform distribution of Nb and Ta on all the NMC532 particles 

demonstrates all NMC532 particles are fully covered by LNTO.  Figure 6-S5 shows the 

XRD patterns of LNTO@NMC532 after heating under different temperatures. The 
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unchanged (003) peaks suggest that interfacial coating LNTO does not diffuse into the 

NMC532 lattice during the annealing process.  The same thickness, same chemical 

composition, and full coverage of LNTO on NMC532 particles serve as a reliable 

foundation for investigating the effect of interfacial ionic conductivity on SE-based 

ASSLIBs.  

 

Figure 6-2 EIS profiles of ASSLIBs being charged at different cut-off voltages.  (a) 

LNTO@NMC532-350, (b) LNTO@NMC532-450, (c) LNTO@NMC532-550.   

To confirm that interfacial coating layer LNTO suppresses interfacial reactions between 

NMC532 and SEs, ex-situ EIS was conducted to examine the interfacial resistance 

change during the initial charge process, upon which most of interfacial reactions occur.37, 

38  Figure 6-2a, 6-2b, and 6-2c present the EIS profiles of LNTO@NMC532-based 

ASSLIBs being charged at various cut-off voltages from 3.3 V to 3.8 V.  All the EIS 

profiles mainly consist of two semi-circles except for the first EIS profile (a slope) of 

LNTO@NMC532-550 charging to 3.3V.  The slope is caused by the large polarization 

that retards the de-lithiation process of LNTO@NMC532-550 even being charged to 3.3 

V.  In general, the high-frequency semicircle of EIS profiles is corresponding to the 

cathode interfacial resistance and grain boundary resistance of SEs, while the 

low-frequency semicircle represents the anode interfacial resistance.37, 39  The 

unnoticeable change of cathode interfacial resistance strongly suggest that the interfacial 

coating LNTO successfully prevents the interfacial reactions between NMC532 and SEs.  
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Among them, LNTO@NMC532-450 exhibits the smallest interfacial resistance while 

LNTO@NMC532-550 shows the largest interfacial resistance, which hints that the high 

Li+-conductive coating layer is beneficial for interfacial Li+ transport in SE-based 

ASSLIBs.  The further discussion of interfacial resistance will be made in the next part.  

 

Figure 6-3 Electrochemical performance of LNTO@SC-NMC532-based ASSLIBs. 

(a) the comparison of the charge-discharge curves of LNTO@NMC532-350, 

LNTO@NMC532-450, and LNTO@NMC532-550.  (b) The cycling stability and 

Coulombic efficiency of LNTO@NMC532-350, LNTO@NMC532-450, and 
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LNTO@NMC532-550.  (c) CV profiles of LNTO@NMC532-350.  (d) CV profiles of 

LNTO@NMC532-450.  (e) CV profiles of LNTO@NMC532-550.  (f) Rate 

performance of LNTO@NMC532-350, LNTO@NMC532-450, and 

LNTO@NMC532-550.  (g) Discharge curves with different current densities of 

LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550.  (h) The 

comparison of electrochemical performance with previous results related to 

SE-based ASSLIBs.   

6.3.2 Electrochemical Performance of 

LNTO@NMC532-based ASSLIBs 

To fairly evaluate the electrochemical performance of these three cathodes in SE-based 

ASSLIBs, typical Li10GeP2S12 (LGPS) was selected as the solid-state electrolyte due to its 

high ionic conductivity of (2.8 mS.cm-1).40  Figure 6-3a shows their initial 

charge/discharge curves at a current density of 130 µA.cm-2 (0.1C).  The initial 

de-lithiation voltage (3.25 V vs Li+/Li-In) and polarization of LNTO@NMC532-450 are 

discernibly smaller than those of the other two cathodes.  At the initial stage of charging, 

the initial de-lithiation voltage of LNTO@NMC532-450 overlaps with that of 

NMC532-based liquid cells at the same current density, suggesting that highly 

Li+-conductive LNTO interfacial layer can enable the interfacial Li+ transport as fast as 

that in liquid cells.  The initial discharge curve of LNTO@NMC532 is slightly lower 

than that of liquid cells, which is probably due to the volume change-induced physical 

contact loss between NMC532 and LGPS, as revealed in previous work.37, 41   

The initial discharge capacity of LNTO@NMC532-450 is 152 mAh.g-1, higher than those 

of LNTO@NMC532-350 (120.9 mAh.g-1) and LNTO@NMC532-550 (73.2 mAh.g-1).  

The initial Coulombic efficiency of LNTO@NMC532-350, LNTO@NMC532-450, and 

LNTO@NMC532-550 is 87.14%, 86.68%, and 85.98%, respectively, which are close to 
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that of NMC532-based liquid cells (85.79%) (Figure 6-S6).  The high initial Coulombic 

efficiency of three cathodes hints that interfacial reactions between NMC532 and LGPS 

have been successfully suppressed by the LNTO coating layer, which is fully consistent 

with the EIS results discussed in Figure 2.  The capacity retention after 200 cycles of 

LNTO@NMC532-350, LNTO@NMC-532-450, and LNTO@NMC532-550 is around 

58.2%, 70.3%, and 38.7%, respectively (Figure 6-3b).  The average Coulombic 

efficiency of LNTO@NMC532-450 is 99.2% after the second cycle.   

Furthermore, cyclic voltammetry (CV) curves of LNTO@NMC532-350, 

LNTO@NMC532-450, and LNTO@NMC532-550 were compared in Figure 6-3c, 6-3d, 

and 6-3e, respectively.  It can be seen that the oxidation/reduction peak currents of 

LNTO@NMC532-450 and LNTO@NMC532-350 are larger than that of 

LNTO@NMC532-550, which is consistent with their higher initial discharge capacity.  

In addition, the polarization voltage (0.20 V) between oxidization and reduction peaks of 

LNTO@NMC532-450 is much smaller than those of LNTO@NMC532-350 (0.38 V) and 

LNTO@NMC532-550 (0.80V), further verifying that LNTO@NMC532-450 possess the 

best reversibility and the fastest Li+ transport kinetics.   

The rate-performance of LNTO@NMC532-350. LNTO@NMC532-450, and 

LNTO@NMC532-550 were also compared (Figure 6-3f) and their corresponding curves 

at 0.1C, 0.2C, 0.5C, and 1C are present in Figure 6-3g.  Remarkably, 

LNTO@NMC532-450 demonstrates the best rate of performance.  Even at 1C, the 

specific capacity keeps at 107.5 mAh.g-1. In contrast, the LNTO@NMC532-550 displays 

the capacity of 8.6 mAh.g-1 at 1C.  Comparing the best electrochemical performance of 

LNTO@NMC-532-450 with those previously reported electrochemical performances of 

SE-based ASSLIBs,12, 37, 42-44 both the specific capacity and capacity retention 

outperforms most of the previously reported results (Figure6- 3h) (Table 6-S1).   
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Figure 6-4 Analysis of Li+ transport kinetics.  (a) Initial discharging GITT profiles of 

LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550.  (b) 

Typical GITT curves marked with IR drop.  (c) Li+ diffusion coefficient of 

LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550 as a 

function of depth of discharge (DOD).  (d) Schematics of Li+ transport across the 

electrode-electrolyte interface with different energy barriers.   

 

6.3.3 Quantifying Li+ Diffusivity of LNTO@NMC532 

To gain insights into the Li+ kinetics  behind the electrochemical performance difference, 

Li+ diffusion kinetics of LNTO@NMC532 in SE-based ASSLIBs was further analyzed 

by galvanostatic intermittent titration technique (GITT), because an interfacial coating 

layer has a profound impact on Li+ diffusivity of electrode materials, as widely studied in 

liquid cells.45-52  Figure 6-4a displays the typical discharging GITT curves of the 
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LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550 at 0.1 C.  

Obviously, LNTO@NMC532-450 shows the lowest polarization among them, indicating 

the fastest Li+ kinetics.47  In addition, the voltage drop (IR drop) after the current 

interruption is closely related to the Li+ transport resistance inside the solid-state batteries.  

Typically, the IR drop of LNTO@SC-NMC532-450 is only 31.8 mV (Figure 6-4b), which 

is approximately 3 times lower than that of LNTO@SC-NMC532-450 (91.6 mV) and 5 

times lower than that of LNTO@SC-NMC532-450 (161.3 mV).  The Li+ diffusivity of 

these LNTO@NMC532 electrodes can be quantitatively calculated according to the 

equation:46 

DLi+ =  
4

πτ
 (

mNMC532VNMC532

MNMC532S
)

2

 (
∆Es

∆Eτ
)

2

                        (1) 

Where τ is the relaxation time (2 hours), mNMC532 is the mass of SC-NMC532 in the 

electrode composite. VNMC532 is the molar volume of SC-NMC532 (20.73 cm3.mol-1), 

MNMC532 is the molar mass of host materials, for the discharge process, the host material 

is SC-Li0.3(Ni0.5Mn0.3Co0.2)O2 (91.66 g.mol-1). ∆Es is the steady-voltage change after 2 

hours of relaxation.  ∆Eτ is the change in the transient-voltage change after 5 min 

discharge process at 0.13 mA.cm-2.  ∆Es and ∆Eτ were illustrated in Figure 6-4b.   

Figure 6-4c compares the Li+ diffusivity of LNTO@NMC532−350, 

LNTO@NMC532−450, and LNTO@NMC532−550 as a function of the different depth 

of discharge (DOD).  In general, the Li+ diffusion coefficient decreases with the increase 

of DOD, which is accompanied by the saturation of Li+ sites in NMC532 upon the 

discharge, thus the Li+ concentration gradient gradually decreases upon discharge.49, 51  

Comparatively, the average Li+ diffusivity of LNTO@NMC532−350, 

LNTO@NMC532−450, and LNTO@NMC532−550 in ASSLIBs are 4.55 ×  10-11 

cm2.s-1, 1.36 × 10-10 cm2.s-1, and 1.11 × 10-11 cm2.s-1, respectively, which are lower 

than that of liquid cells (4.62 × 10-10 cm2.s-1) (Figure 6-S7), indicating that the coating 
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layer slows down the Li+ transport in solid-state batteries.  However, the Li+ diffusivity 

of LNTO@NMC532-450 and LNTO@NMC532-350 are approximately 12 and 4 times 

faster than that of LNTO@NMC532-550, demonstrating that improving the ionic 

conductivity of coating layer significantly boost the Li+ transport kinetics in solid-state 

batteries.   

Interfacial Li+ transport kinetics was further verified by EIS.  In EIS profiles (Figure 

6-S8) the inception is related to the resistance of solid electrolytes layer, the semi-circle at 

the high-frequency region is related to the interfacial resistance between NMC532 and 

LGPS and grain boundary resistance of LGPS, as simulated by the equivalent circuits 

inserted in Figure 6-S8(d).23  The interfacial resistance of LNTO@NMC532-450 is 124 

, while the interfacial resistances of LNTO@NMC532-350 and LNTO@NMC532-550 

are 369  and 672 , respectively.  High ionic conductivity of LNTO coated on 

NMC532 exhibits the lowest interfacial resistance, as shown in Figure 6-S8(b), 

confirming that the LNTO with a higher interfacial ionic conductivity can significantly 

reduce the interfacial resistance.  Both the GITT and EIS analyses consistently 

demonstrate that high Li+-conductive LNTO coated NMC532 exhibits fast Li+ diffusion 

kinetics while low Li+-conductive LNTO coated NMC532 manifests sluggish Li+ 

diffusion kinetics in solid-state batteries.  Therefore, enhancing the ionic conductivity of 

the interfacial coating layer can significantly accelerate the interfacial Li+ transport 

kinetics, which in turn improves the electrochemical performance of SE-based ASSLIBs. 

Figure 6-4d illustrates Li+ transport across the interfacial coating with different energy 

barriers. The high interfacial ionic conductivity of the interfacial coating layer can 

conduct Li+ fast at the interface, which is corresponding to a low energy barrier for 

interfacial Li+ transport.  In contrast, the low interfacial ionic conductivity of the 

interfacial layer conducts Li+ very slow, thus showing a high energy barrier for interfacial 

Li+ transport.  Detailed and in-depth discussion about the Li+ transport process in a 
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solid-state battery can be found in Figure 6-S9.   

6.4. Conclusions 

In this work, we manipulated the ionic conductivity of the interfacial coating layer by 

tuning post-annealing temperature and investigated its effect on the electrochemical 

performance of SE-based ASSLIBs for the first time.  It is found that the ionic 

conductivity of the interfacial coating layer determines the Li+ diffusion kinetics in 

SE-based ASSLIBs and increasing the ionic conductivity of the interfacial coating layer 

can significantly accelerate the interfacial Li+ transport.  The oxide cathode NMC532 

coated with the highest Li+-conductive LNTO exhibits the highest Li+ diffusion 

coefficient of 1.36 × 10-10 cm2.S-1.  Resultantly, the LNO@NMC532 demonstrates a 

high capacity of 152 mAh.g-1 at 0.1 C and 107.5 mAh.g-1 at 1C.  This work suggests that 

enhancing the ionic conductivity of the interfacial coating layer is essential for developing 

high-performance SE-based ASSLIBs.   
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6.8 Supporting Information 

 

Figure 6-S1. TGA-DSC analysis of Li-Nb-Ta-O sol-gel under the air atmosphere.  

Before 350C, the weight loss is due to the burn of organic species in air. The exothermic 

peaks between 360 C to 450 C are due to the phase-transition reactions of 

LiNb0.5Ta0.5O3.  After 450C, it was believed to growth of nanograins of LNTO.   

 

 

Figure 6-S2. SEM image and corresponding EDX mapping of LNTO@NMC532-350 
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Figure 6-S3. SEM image and corresponding EDX mapping of LNTO@NMC532-450  

 

 

Figure6- S4. SEM image and corresponding EDX mapping of LNTO@NMC532-550  
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Figure 6-S5. XRD patterns of LNTO@NMC532-350, LNTO@NMC532-450, and 

LNTO@NMC532-550.  The invisible change of (003) peak hints that LNTO does not 

diffuse into the NMC532 lattice during the high-temperature annealing process.   

 

 

Figure 6-S6. Charge/discharge curves of NMC532 in liquid cells at the current density of 

0.13 mA.cm-2.  
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Table 6-S1. The comparison of specific capacity in the references with results 

demonstrated in this work   

Cathode Capacity at the 1st cycle 

(mAh/g) 

Capacity at the 50th 

cycle (mAh/g) 

References 

LiFePO4 110 N/A Ref11 

LCO 126 103 Ref22 

NCA 121 116 Ref3 

NMC111 120 115 Ref 34 

NMC532 154 137.8 This work 

NMC622 88.8 99.3 Ref65 

NMC811 124 77 Ref76  

0.1021/acs.chem

mater.7b00931 

 

 



174 

 

 

Figure 6-S7. (a) GITT discharge curve of NMC532 in liquid cells. (b) Li+ diffusion 

coefficients of NMC532 as the function of depth of discharge (DOD).   

 

Figure 6-S8. (a) EIS profiles of LNTO@NMC532-350, LNTO@NMC532-450, and 

LNTO@NMC532-550 after first charging, respectively.  (b) The cathode interfacial 

resistance of LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550.  

(c) Assignment of typical EIS results. (d) The corresponding equivalent circuit.  
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Figure 6-S9.  Illustration of Li+ transport process in an all-solid-state lithium-ion 

battery.  (a) Five key steps of Li+ transport in ASSLIBs. (b) Li+ transport across the 

interfacial coating layer with different energy barriers. 

In general, Li+ transport in a solid-state battery can be divided into five distinguishable 

steps (Figure 6-S9a),7, 8 Step I: Li+ diffusion inside the layered cathode structure (Step 

1: 
1

𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒
) , Step II: Li+ across cathode-SE interface, which is determined by the ionic 

conductivity of cathode electrolyte interphases (CEI) (
1

𝑅𝐶𝐸𝐼
), Step III: Li+ transport in the 

solid-state electrolyte layer, corresponding to the ionic conductivity of SEs (
1

𝑅𝑆𝐸
), Step IV: 

Li+ across the SEI layer at the anode interface (
1

𝑅𝑆𝐸𝐼
), representing by ionic conductivity of 

SEI layer, and Step V: Li+ diffusion in an anode material (
1

𝑅𝑆𝐸𝐼
).  Thus, the consumed 

energy for Li+ transport in a solid-state battery (Etotal) can be expressed as below, given 

that Etotal is in reverse proportion to the total ionic conductivity (
1

𝑡𝑜𝑡𝑎𝑙
). 

𝐸𝑡𝑜𝑡𝑎𝑙 ∝  
1

𝜎𝑡𝑜𝑡𝑎𝑙
=

1
1

𝑅𝐶𝑎𝑡ℎ𝑜𝑑𝑒+ 𝑅𝐶𝐸𝐼+𝑅𝑆𝐸+𝑅𝑆𝐸𝐼+𝑅𝐴𝑛𝑜𝑑𝑒

=  𝑅𝐶𝑎𝑡ℎ𝑜𝑑𝑒 +  𝑅𝐶𝐸𝐼 + 𝑅𝑆𝐸 + 𝑅𝑆𝐸𝐼 +

𝑅𝐴𝑛𝑜𝑑𝑒  (2) 

In step I, layered single-crystal NMC532 has good electronic conductivity in our case, 

thus the electron percolation in the cathode composite is faster than Li+ transport, thus 
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electrochemical reactions mainly occurred at the interface between SC-NMC532 and 

LGPS.  In addition, both the electric field and Li+ concentration gradient inside the 

cathode materials can drive Li+ to move.  Moreover, the Li+ diffusivity of NMC532 in 

liquid cells is about 10-8 to 10-10 cm2.S-1,9 which is also faster than Li+ diffusion at the 

interface (Rcathode << RCEI).  Therefore. Step I would not be the limiting step.  

Furthermore, LGPS using the SE layer possesses a high ionic conductivity of 10-3 to 10-2 

S.cm-1.  And the indium foil was used as the reference electrode, which is stable against 

SE.  Thus Li+ transport across the SEI layer and indium layer should not be the limiting 

step either.  Therefore, RSE, RSEI, and Ranode can be negligible in our case.  All the 

things considered, equation 2 can simply be expressed as below.   

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑑𝑒𝑐𝑖𝑠𝑖𝑣𝑒 ∝
1

𝜎𝐶𝐸𝐼
=  𝑅𝐶𝐸𝐼        (3) 

That is to say, Li+ transport across the cathode-SE interface is the determining process, 

which greatly affects the energy consumed in a solid-state battery.  The higher the RCEI, 

the more energy required to conduct Li+ back and forward (Figure 6-S9b). The smaller 

the RCEI, the less energy consumed for interfacial Li+ transport.  In electrochemistry, 

solid-state batteries with a small RCEI can exhibit high areal capacity and great 

rate-performance.  Therefore, enhancing the ionic conductivity of the interfacial coating 

layer is highly demanded for achieving high-performance ASSLIBs with high areal 

capacity and fast charge/discharge capability.   
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Chapter 7 

7. Eliminating Interfacial Resistance in All-Inorganic Batteries 

by In-situ Interfacial Growth of Li3InCl6* 

As revealed in Chapter 6, the interfacial Li+-conductivity of the coating layer determines 

the electrochemical performance of ASSLIBs.  The ionic conductivity of traditional oxide 

coating materials is quite low (≤ 10-5 S.cm-1).  Therefore, increasing the ionic 

conductivity of an interfacial coating layer is critical for realizing high-performance 

ASSLIBs.   

In this work, we successfully eliminate the interfacial resistance of ASSLIBs by in-situ 

interfacial growth of a highly Li+-conductive halide electrolyte (Li3InCl6, 1.5 mS.cm-1) on 

LiCoO2 (LCO).  Owing to strong interfacial interaction and excellent interfacial 

compatibility, the interfacial resistance is as low as 0.13 .cm-2.  Consequently, LCO 

with 15wt% LIC exhibits a high initial capacity of 131.7 mAh.g-1 at 0.1C (1C=1.3 

mA.cm-2) and can be cycled up to 4C at room temperature.  The discharge capacity 

retains 90.3 mAh.g-1 after 200 cycles.  More importantly, a high areal capacity of 6 

mAh.cm-2 is realized with a high LCO loading of 48.7 mg.cm-2.  This work offers a new 

route toward the development of high-energy-density and high-power-density AISSBs 

without interfacial obstacles.   

 

 

 

*Note: This work has been submitted 

Changhong Wang, Jianwen Liang, Ming Jiang, Xiaona Li, Sankha, Mukherjee, Keegan 

Adair, Matthew Zheng, Yang Zhao, Feipeng, Zhao, Shuming Zhang, Ruying Li, Huan 

Huang, Shangqian Zhao, Li Zhang, Shigang Lu, Chandra Veer Singh, and Xueliang Sun. 

Eliminating Interfacial Resistance in All-Inorganic Solid-State Batteries by In-situ 

Interfacial Growth of Halide Electrolytes. Advanced Energy Materials. Submitted.  
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7.1 Introduction 

All-inorganic solid-state batteries (AISSBs) have received considerable attention in recent 

years because of their significant advantages in safety and energy density over liquid 

cells.[1]  However, there are several main challenges impeding the development of 

AISSBs,[1d] including (1) insufficient ionic conductivity of inorganic solid-state 

electrolytes (ISEs);[2] (2) large interfacial resistance between electrode materials and SEs, 

which originates from poor solid-solid contact and undesirable interfacial reactions; (3) 

lithium dendrite growth in ISEs.  With the continuous efforts over the past years, various 

ISEs have been developed with high ionic conductivity, such as sulfide electrolytes 

(Li10GeP2S12,
[2] 12 mS.cm-2, Li9.54Si1.74P1.44S11.7Cl0.3,

[3] 25 mS.cm-2), their ionic 

conductivity even surpass those of conventional liquid electrolytes and gel polymers.[4]  

To suppress the lithium dendrite growth in ISEs, various effective strategies have also 

been proposed, such as interface modification and chemical composition tuning of SEs.[5]   

In contrast to the tremendous success in developing highly lithium-ion (Li+)-conductive 

ISEs and suppressing lithium dendrite growth in ISEs, the large interfacial resistance 

between electrode materials and ISEs has not been successfully addressed yet.  Until 

now, sulfide-based AISSBs suffer from detrimental interfacial reactions between sulfide 

electrolytes and oxide cathodes because of the narrow electrochemical windows of sulfide 

electrolytes.[6]  To suppress the interfacial reactions, interfacial coating such as LiNbO3, 

LiTaO3, and Li4Ti5O12 is indispensable.[7]  Unfortunately, the uniformity of these 

interfacial at the interface is hard to control.  Although advanced atomic layer deposition 

can significantly improve the uniformity of the interfacial coating layer.[6a]  The low 

ionic conductivity (10-6 ~ 10-9 S.cm-1) of these interfacial coating materials significantly 

limits the Li+ transport in AISSBs,[7c, 8] which is several orders of magnitude lower than 

those of sulfide and oxide electrolytes themselves.  Obviously, the large interfacial 

resistance between the oxide cathodes and ISEs becomes the primary challenge in 
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AISSBs.  Therefore, finding innovative strategies to reduce the interfacial resistance in 

AISSBs is of great importance.   

Inspired by the high ionic conductivity of halide electrolytes (Li3MX6, M=Y, In et al, X= 

Cl, Br) and their excellent stability against high-voltage cathodes,[9] here we report an 

in-situ interfacial growth of halide electrolytes (Li3InCl6, LIC) on electrode materials 

(LiCoO2, LCO) from aqueous solution for the first time.  Three-dimensional (3D) 

continuous Li+ conduction pathway can be successfully constructed within LIC@LCO 

electrodes with as little as 15 wt% LIC (30 wt% SEs in most previous studies), thus 

ensuring the high energy density of AISSBs.  Benefiting from the wide electrochemical 

windows and high ionic conductivity (1.5 mS.cm-1) of LIC as well as the strong 

interfacial interaction, the interfacial resistance between LCO and LIC is successfully 

reduced to 0.13 .cm-2.  As a result, the LIC@LCO-15wt% electrode exhibits a high 

initial discharge capacity of 131.7 mAh.g-1 with an initial Coulombic efficiency of 92.7% 

at 0.1C.  The energy density of AISSBs is up to 512 Wh.kg-1. Even at a high rate of 4C 

(5.2 mA.cm-2), 28.5 mAh.g-1 can be obtained, which corresponds to 1300W.kg-1.  More 

importantly, a high areal capacity of 6.0 mAh.cm-2 can be realized with a high LCO 

loading of 48.7 mg.cm-2.  This work provides a promising route to eliminate the 

interfacial resistance between oxide cathodes and ISEs toward high-energy-density and 

high-power-density AISSBs.    

7.2 Experimental Section 

7.2.1 In-situ Synthesis of Li3InCl6@LiCoO2 Electrodes 

Lithium chloride (LiCl, Alfa Aesar, 99.9%) and indium chloride (InCl3, Alfa Aesar, 

99.99%) with a stoichiometric molar ratio of 3:1 were weighed and dissolved in deionized 

water at ambient environment.  Then lithium cobalt oxide (LiCoO2, LCO, Alfa Asear, 
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98%, 0.5m2.g-1) was then added to the aqueous solution.  The solution was then dried in 

air at 100 C to obtain a dry powder.  Finally, the dry powder was transferred into a 

vacuum oven and heated 200 C for 5 hours.  The electrode was labeled as LIC@LCO.  

The mass ratio of LCO in LIC@LCO composites is controlled at 85 wt%, 90 wt%, and 95 

wt%.  The pure Li3InCl6 (LIC) electrolyte was also synthesized following the same 

procedure without adding LCO active materials.   

7.2.2 Characterizations 

The morphologies of LIC@LCO composites and LIC solid electrolytes were 

characterized by a Hitachi S-4800 field emission scanning electron microscopy (SEM) 

equipped with energy dispersive spectroscopy (EDS).  X-ray diffraction (XRD) patterns 

were performed on aa Bruker AXS D8 Advance with a Cu Kα radiation (λ = 1.54178 Å) 

at room temperature with air-tight holder to avoid air exposure.  The data were collected 

by scanning 1s per step with a step width of 0.02 from 10° to 80° (2θ).  The data for the 

X-ray refinement were collected on Bruker AXS D8 Advance with a Cu Kα radiation.  

The data were collected by scanning 5s per step with one step of 0.02 ° from 10 to 90° 

(2θ).  For in-situ Raman test, 10 mg LIC@LCO-15wt% composites were used as the 

working electrode, In foils was used as the reference electrode, the testing current is 100 

µA.  The In L3-edge and Cl K-edge X-ray absorption near edge structure (XANES) 

spectra were collected using fluorescence yield mode on the soft X-ray micro 

characterization beamline (SXRMB) at the Canadian Light Source (CLS). All samples 

were covered with Mylar film attached to Al film and sealed before transforming to the 

vacuum chamber to avoid air exposure.   

7.2.3 Electrochemical Performances   

All the solid-state batteries are prepared inside an Ar-filled glove box and tested by 
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home-made mold cells at room temperature.  First, 80 mg Li3InCl6 powder was placed 

into a polytetrafluoroethylene (PTFE) die with a diameter of 10 mm and pressed at 1 ton. 

Then, 12 mg of the cathode composite powder (i.e. LIC@LCO-15wt%) were dispersed 

on one side of the LIC pellet and pressed at 1 ton again.  Then a piece of Li-In foil was 

attached to another side of LIC pellets.  To avoid the possible influence of redox 

conversion between In3+ and In, a thin layer of Li10GeP2S12 was used on the surface of 

In-Li anode.  The mass loading of LCO in LIC@LCO-15wt%-based ASSBs is 13 

mg.cm-2.  To demonstrate high areal capacity, 45 mg LIC@LCO-15wt% was put in 

ASSBs, in which the mass loading of LCO is 48.73 mg.cm-2.  All ASSBs were tested 

within the voltage range of 2.5-3.6 V (vs. Li+/LiIn) using a Land cycler (Wuhan, China) 

at room temperature.  Cyclic voltammetry (CV) measurement using versatile 

multichannel potentiostat 3/Z (VMP3) was performed from 2.5~3.6 (vs. Li+/Li-In) at 0.1 

mV s-1. To measure the ionic conductivity of Li3InCl6, 100 mg LIC electrolytes were 

pressed at 3.5 tons and carbon powder was used as the ion-blocking electrode. The 

electrochemical impedance spectra were from 7 MHz to 1 Hz with an amplitude of 10 

mV.  The GITT was performed with a 5min discharge at 0.1C followed by 2 hours of 

relaxation.   

7.2.4 DFT Calculation 

All calculations were carried out within the DFT framework as implemented in the 

Vienna Ab Initio Simulation Package (VASP). The projector augmented-wave 

pseudopotentials were used to describe the interaction between ions and electrons, and the 

exchange-correlation effects were treated using the Perdew–Burke–Ernzerhof (PBE) 

functional under the generalized gradient approximation (GGA).1 Herein, the electronic 

configurations for the PAW potentials were 1s22s1 for Li, 2s22p4 for O, 3d84s1 for Co, 

3s23p5 for Cl and 5s25p1 for In. We used the DFT+U method and rigorously optimized the 

Hubbard U parameter for Co 3d states.2  The lattice parameters and bandgaps for 
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different magnitude of U is presented in Table 7-S5.  A U parameter of 4 eV was found 

to be suitable which is consistent with previous reports. The lattice parameters of LiCoO2 

(LCO) and Li3InCl6 (LIC) were optimized using a Monkhorst–Pack grid k-points of 

8×8×2 and 4×4×4, respectively, whereas as kinetic energy cutoffs 500 eV and 450 eV 

were used.  The VESTA package was used to visualize the various bulk, surface and 

interface structures.3    

For surface calculations, the van der Waals (vdW) correction function proposed by 

Grimme was adopted, which can well describe the long-range vdW interaction.4  The 

vacuum space in the z-direction was about 15 Å to avoid the interaction between 

neighboring.  The k-point mesh was set to be 4×2×1 for individual LCO and LIC surface 

slabs.  The surface energies were calculated using the following expression, 

Esurf=(Eslab-nEbulk)/2S, where Esurf  is the surface energy, Eslab is the energy of the slab 

containing n units of LCO and LIC, Ebulk is the bulk energy per unit, and S is the area of 

the surface.  As for the LCO/LIC interface calculation, the electric field in VASP was 

realized by adding an artificial dipole sheet at the center of the simulation cell.  All the 

atoms of hybrid heterostructures were optimized until the total energies converged to 

below 10-4 eV and the forces acting on atoms were less than 10-2 eV/Å.  The 

Monkhorst–Pack grids of k-point mesh were set to be 2×2×1 for LCO/LIC interface. 

Furthermore, the binding energy was determined using the expression, 

EB=ELCO/LIC-(ELCO+ELIC), where ELCO/LIC, ELIC and ELIC represent the total energy of the 

LCO/LIC interface, LCO and LIC surface slabs under the applied voltage. 
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7.3 Results and Discussion 

7.3.1 Synthesis and Characterization of LIC and LIC@LCO   

The in-situ interfacial growth of LIC on LCO is schematically shown in Figure 7-1a.  

InCl3 and LiCl with a stoichiometric ratio of 1:3 were dissolved in deionized water, 

forming a transparent Li3InCl6.nH2O solution.  Subsequently, LiCoO2 was added into the 

transparent solution.  After evaporation of water solution under 100 C, the obtained dry 

powder was transferred to a vacuum oven and heated at 200C for 5 hours to dehydrate 

Li3InCl6.nH2O.  Then yielded Li3InCl6-coated LiCoO2 (LIC@LCO) cathode composites 

were used for AISSBs directly.  Detailed synthesis procedures can be found in 

Supplementary Information.  It should be noted that the thickness of the LIC layer can 

be adjusted by controlling the LIC-to-LCO ratio.  In general, the less ISE content in the 

electrode composite, the higher the energy density of batteries.  However, too little ISEs 

in electrode composites limits the ionic contact between electrode materials and ISEs.  

Therefore, the best ratio between LIC and LCO requires optimization.  As shown in 

Figure 7-S1, LCO’s surface is not fully covered with 5 wt% LIC but can be completely 

coated with 10 wt% LIC.  With 15% LIC (Figure 7-1b and 7-1c), not only is the surface 

covered but also the gap between LCO particles is fully filled, thus constructing 3D 

continuous Li+ conduction pathways in the cathode composites (labeled as 

LIC@LCO-15wt%) (Figure 7-S1i).  Figure 7-1b and 7-1d present the SEM image of 

LIC@LCO-15wt% and its corresponding energy-dispersive X-ray spectroscopy (EDX) 

elemental mapping of O and Cl, respectively, confirming the uniform distribution of LCO 

in the LIC matrix.  To check the solid-solid contact beneath the surface, a cross-section 

of LIC@LCO-15wt% was fabricated by focused ion beam (FIB) and the corresponding 

EDS mapping of Co, O, In, Cl is displayed in Figure 7-1e and 7-1g, respectively, 

showing that LCO is surrounded by LIC with 3D continuous Li+ percolation networks.  
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Furthermore, X-ray diffraction (XRD) was also conducted to determine the crystallinity 

of the LIC layer.  As displayed in Figure 7-S2, all the LIC@LCO electrodes exhibit 

strong XRD patterns associated with LCO.  In addition, a small peak (131) at 34.3C 

originating from the LIC is identified in LIC@LCO-15wt% and LIC@LCO-10wt% while 

5% LIC@LCO does not shows the (131) peak due to the lower amount of LIC on the 

LCO surface, suggesting that the crystalline LIC is successfully coated on LCO.   

 

Figure 7-1 (a) Illustration of the in-situ synthesis of Li3InCl6 on LiCoO2 (LIC@LCO).  

(b) SEM image of LIC@LCO-15wt%.  (c) Elemental O mapping.  (d) Elemental Cl 

mapping.  (e) Cross-sectional SEM image of LIC@LCO-15wt%.  (f) Elemental Cl 

and O combined mapping. (g) Elemental In and Co combined mapping.   

 

LIC used as the ISE layer in AISSBs was also synthesized following the same method.  
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As determined by electrochemical impedance spectroscopy (EIS) in Figure 7-S3a and 

7-S3b, the ionic conductivity of LIC is 1.5 mS.cm-1 at 25C and the activation energy is 

0.35 eV, which is comparable to current-mainstream oxide and sulfide electrolytes.[10]  

In addition, the primary particle size of LIC is approximately 300~500 nm (Fig. S3c-3de).  

Figure 7-S4a shows the slow-scanned XRD pattern and Rietveld refinement results, 

showing that LIC has monoclinic unit cell (C2/m(12), ICSD No.04-009-9027) with the 

cell parameters of a= 6.39980 Å, b=11.06670 Å, c=6.37880 Å, α=γ= 90.0000, 

β=109.7915.  Furthermore, Figure 7-S4b to 7-S3d presents the crystal structure of LIC, 

displaying that LIC consists of InCl6 octahedra and LiCl6 octahedra with a rock salt 

structure.  The detailed structural parameters are tabulated in Table 7-S1.  The high 

ionic conductivity and low activation energy of LIC is due to high Li+ vacancy content 

(33.3%) in its distorted monoclinic rock-salt structure.[9a]   

 

Figure 7-2 Chemical Interaction between LIC and LCO.  XPS spectra of 

LIC@LCO-15wt%. (a) In 3d spectra.  (b) O 1s spectra.  (c) Cl 2p spectra.  (d) The 

binding energy between the LCO (110) and different LIC surfaces.  (e) PDOS of s, p, 
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d orbitals of O, Cl, In, and Co. (f) Differential charge density of the 

LCO(110)/LIC(100) interface.   

 

7.3.2 Interfacial Interaction between LIC and LCO  

X-ray photoelectron spectroscopy (XPS) was performed to analyze the interface 

interaction between LIC and LCO.  In 3d 5/2 and In 3d 3/2 peaks are located at 446.2 eV 

and 453.8 eV, respectively, which corresponds to the In3+ bonding state of LIC (Figure 

7-2a).[9c, 11]  There is no energy shift found in the In 3d spectra between LIC@LCO and 

pure LIC, suggesting that the chemical states of In on LIC@LCO surface are exactly the 

same as that in pristine LIC.  This observation also indicates the successful synthesis of 

LIC on the LCO surface.  For the O 1s spectra (Figure 7-2b), the green peak at 529.7 

eV is characteristic of O atoms in the LCO crystal lattice,[12] while the orange peak at 

relatively higher binding energy of 531.7 eV is associated with oxygen-containing species 

or dangling oxygen bonds at the LCO surface.[12]  Interestingly, the intensity of the 

orange peaks increases from 60% to 77% in LIC@LCO, suggesting that more 

oxygen-rich species are formed at the LIC/LCO interface, which may be a result of the 

interfacial interaction between LIC and LCO.  In Cl 2p spectra (Figure 7-2c), pure LIC 

only shows a pair of red peaks (Cl 2p3/2 and Cl 2p1/2) at 199.6 eV and 201.2 eV, 

respectively, which are associated with In-Cl and/or Li-Cl bonds in LIC.  However, a 

pair of blue peaks at higher binding energy (200.6 eV and 202.2 eV) are found after 

coating LIC on LCO, implying that Cl of LIC is involved in the interfacial interaction 

between LIC and LCO.  Based on the O1s and Cl 2p spectra, we presumed that the O of 

LCO interacts with the Cl of LIC at the LIC@LCO interface.   

To verify this assumption, a density functional theory (DFT) calculation was performed.  

The surface of LCO and LIC are shown in Figure 7-S5 and their energies are 
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summarized in Table 7-S2.  The experimental measurements and previous DFT 

simulations indicate the existence of energetically favored (110)-oriented LCO surface.[13]  

Furthermore, (110) surfaces in LCO particles provide Li+ conduction paths along the 

⟨110⟩ directions.[13b, 13c] Therefore, we selected (110) face as a representative surface of 

LCO and the surface energy of LCO(110) was calculated to be 10.60 eV.nm-2.  Figure 

7-2d displays the binding energies between the LCO (110) and different LIC faces, which 

indicates that LCO has high binding energy with LIC and the strongest binding energy of 

-0.34 eV/atom is found between the LCO(110) and LIC (100) (Table 7-S3).  Figure 

7-2e shows the partial density of state (PDOS) of Co, In, Cl, and O, respectively.  The 

absence of an energy gap at the Fermi level indicates the good electronic conductivity of 

LIC@LCO composites.  In addition, the p orbital overlap of Cl and O indicates the 

interaction between Cl and O, as highlighted by the green shadow region.  Furthermore, 

the differential charge density of the LCO(110)/LIC(100) interface clearly showed the 

charge overlap of Cl and O at the interface (Figure 7-2f), indicative of the Cl and O 

coordination between LIC and LCO.  It is believed that the strong interfacial interaction 

is beneficial for the intimate solid-solid ionic contact and long-term electrochemical 

cycling stability.   
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Figure 7-3 Electrochemical performance of LIC@LCO electrodes. (a) initial 

charge/discharge curves of LIC@LCO electrodes with various ratios.  (b) Cycling 

stability.  (c) CV curves.  (d) Rate Performance of LIC@LCO.  (e) Discharge 

curves of LIC@LCO-15wt% and LIC@LCO-10wt% under various current 

densities.  (g) Charge/discharge curves of high-loading LIC@LCO electrodes.  (g) 

Ragone plot 

 

7.3.3 Electrochemical Performance of LIC@LCO 

LIC@LCO-based AISSBs were evaluated at 0.1C (1C =1.3 mA.cm-2) at room 

temperature due to high ionic conductivity of LIC (1.5 mS.cm-1).  The initial charge and 

discharge curves are presented in Figure 7-3a.  With the increase of the LIC-to-LCO 
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ratio, the polarization between charge and discharge curves is suppressed and the 

discharge capacity is significantly increased.  With 15wt% LIC, the initial charge 

capacity is 142.1 mAh.g-1 and the initial discharge capacity is 131.7 mAh.g-1 with an 

initial Coulombic efficiency of 92.7%.  The corresponding energy density is up to 513 

Wh.kg-1.  It should be highlighted that the charge/discharge curves are overlapping with 

those of LCO in liquid electrolytes at the same current density of 0.13 mA.cm-2 (Figure 

7-S6), implying the full utilization of LCO in AISSB with ultrafast interfacial Li+ 

conduction as fast at that in liquid cells.[6a]  With 10wt% and 5wt% LIC, LCO 

discharges at 90.9 mAh.g-1 and 39.9 mAh.g-1, respectively.  To determine the change in 

the interfacial resistance, in-situ EIS was performed on LIC@LCO-15wt% electrodes 

during the initial charge/discharge process (Figure 7-S7).  The first semi-circle at the 

high-frequency region represents the resistance of the LIC layer, which is close to 78 .  

The resistance of the LIC layer does not undergo obvious change, implying the excellent 

stability of LIC upon cycling.  The small semi-circle at the middle frequency represents 

the interfacial resistance between LIC@LCO,[9b] which is 6.8  (0.13 .cm-2).[9b]  It 

should be mentioned that the ultra-small interfacial resistance is significantly smaller than 

those of sulfide/oxide-based AISSBs, which generally shows the interfacial resistance at 

hundreds or thousands of ohms,[5c, 14] suggesting that LIC@LCO-15wt% electrodes have 

the fastest interfacial Li+ transport among all the AISSBs reported so far.[3, 5c, 14-15]  The 

middle-frequency semi-circle keeps stable during the initial charge/discharge process, 

indicating that no interfacial reactions occurred between LIC and LCO upon cycling, 

which is due to the wide electrochemical window (up to 4.3V vs. Li+/Li) of LIC.[9a]   

Figure 7-3b displays the cycling performance of LIC@LCO with different LIC contents.  

After 200 cycles, LIC@LCO with 15 wt% LIC keeps at 90.3 mAh.g-1 with a CE of 99.3% 

while the LIC@LCO with 10 wt% LIC only remains at 39.1 mAh.g-1 and LIC@LCO 

with 5 wt% LIC cannot be reversibly charged/discharged.   Figure 7-3c shows the CV 

curves of LIC@LCO with 15 wt% LIC.  The overlap of CV curves also indicates the 
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stable cycling performance of LIC@LCO in AISSBs.  Figure 7-3d displays the 

rate-performance LIC@LCO with 15 wt% LIC.  Even at 4C (5.2 mA.cm-2), LIC@LCO 

still shows a capacity of 28.5 mAh.g-1.  Figure 7-3e displays the corresponding 

discharge curves under different current densities.  The corresponding power density of 

LIC@LCO-15wt% is up to 1300 W.kg-1.  Considering the high-loading electrode (13 

mg.cm-2) in AISSBs, the rate-performance of LIC@LCO is astonishing.[16]   

To determine the Li+ kinetics of LIC@LCO-15wt%, which is closely related to the power 

density of AISSBs, the galvanostatic intermittent titration technique (GITT) was 

performed.  The charge/discharge GITT curves, the small polarization curves, and the 

high Li+ diffusion coefficient (~ 10-9 cm2.S-1) are presented in Figure 7-S8.  The high 

Li+ diffusion coefficient is even comparable with that in liquid cells.[17]  That’s why 

LCI@LCO-15wt% demonstrates a high rate performance up to 4C.  The fast Li+ kinetics 

of LIC@LCO-15wt% is ascribed to the intimate solid-solid contact, small interfacial 

resistance as well as excellent interfacial compatibility.  To meet the standards required 

for practical applications, a high real capacity of LIC@LCO of 6 mAh.cm-2 is also 

demonstrated with a high LCO loading of 48.7 mg.cm-2 (Figure 7-3f).  Figure 7-3g 

compares the power density and energy density of LIC@LCO-based AISSBs with all 

previously reported results in the Ragone plot.[2, 6a, 7a, 18]  The sources of the data are 

listed in Table 7-S4.  It is apparent that LIC@LCO-15wt% demonstrated the highest 

both energy density and power density of AISSBs.   
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Figure 7-4 In situ/operando Raman and ex-situ XAS spectra of LIC@LCO-15wt% in 

AISSBs.  (a) Charging curves of LIC@LCO electrodes at the current density of 0.13 

mA.cm-2. (b) Raman spectra of the LIC@LCO electrode during the charging process.  

(c) Contour plot of LIC@LCO during the charging process.  (d) Discharging curves 

of LIC@LCO electrodes at the current density of 0.13 mA.cm-2.  (e) Raman spectra 

of LIC@LCO electrodes during the discharging process.  (f) Contour plot of 

LIC@LCO during the discharging process.  (g) XAS of Cl K-edge.  (h) XAS of In 

L3-edge.  (i) XAS of Co K-edge.   
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In-situ/operando Raman spectroscopy was performed to examine the interfacial stability 

between LIC and LCO upon cycling.  The LIC@LCO electrode can be successfully 

charged to 118 mAh.g-1 (Figure 7-4a).  LIC shows a broad peak at 191 cm-1 and a sharp 

and strong peak of 269 cm-1, while LCO shows 478 cm-1 and 596 cm-1, which are 

ascribed to Eg and A1g vibrational modes of LCO, respectively.[19]  These four peaks are 

clearly detected and remain stable until 4.0V (Figure 7-4b).  The intensity of LiCoO2 

peaks begins to decrease after 4.0V (highlighted by red dash line), while LIC peaks 

remain the same, suggesting that the LIC is stable even at the high cut-off voltage (Figure 

7-4b).  The contour plot of LIC@LCO during the charging process in Figure 7-4c 

clearly shows the intensity decrease of peaks at 478 cm-1 and 596 cm-1 after charging to 

4.0V, which corresponds to the de-lithiation of LCO upon charging.[19]   No new peaks 

are detected, suggesting the excellent interfacial stability between LIC and LCO.  

Figure 7-4d shows the discharge capacity of 100 mAh.g-1.  Figure 7-4e shows the 

Raman spectra of LIC@LCO during the discharge process, the reduced peaks at 478 cm-1 

and 596 cm-1 gradually recover from 4.2V to 4.0V and remain the same afterward, 

suggesting Li+ is reversibly intercalated into the LCO layered structure.  During the 

whole discharge process, LIC peaks remain the same, implying LIC is stable against LCO 

during the electrochemical cycling process.   

Furthermore, ex-situ X-ray absorption spectroscopy was performed to investigate the 

interfacial stability between LIC and LCO.  Figure 7-4g and 7-4h display the Cl K-edge 

and In L3-edge of LIC@LCO-15wt%, respectively.  Compared to the pristine Cl K-edge 

and In L3-edge, the Cl K-edge and In L3-edge of LIC@LCO-15wt% undergo no change 

even after 100 cycles, suggesting excellent interfacial stability during the electrochemical 

cycling.  Figure 7-4i shows the XAS spectra of Co K-edge, which also remains the 

same after the first cycle, implying the excellent electrochemical stability.  The slight 

difference between the pristine Co K-edge and that after 1 cycle is ascribed to the 

electrochemical activation process in the initial cycle.  The in-situ Raman and ex-situ 
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XAS analysis strongly confirmed the excellent interfacial compatibility between LCO and 

LIC.   

 

Figure 7-5 (a) Illustration of schematic view of LCO(110)/LIC(100) interface under 

the electrical field of –0.3V/Å, –0.2V/Å, –0.1V/Å, 0V/Å, 0.1V/Å, 0.2V/Å, and 0.3V/Å.  

(b) The variation of binding energy of LCO(110)/LIC(100) interface as a function of 

electric field strength.   

To gain insights into the interfacial stability between LCO and LIC during the 

charging/discharging process, we simulated the binding energies of LCO(110)/LIC(100) 

and their interfacial structure change under external electric fields (Figure 7-5).  During 

the charging (from 0 V/Å to -0.3 V/Å) and discharging process (from -0.3 V/Å to 0 V/Å) 

(Figure 7-5b), the interaction between LCO and LIC becomes more and more weaker, 

which is caused by the structural change of LIC, especially under high electric field of 

±0.3V/Å (Figure 7-5a).  The simulation is consistent with the electrochemical window 

(2.38 ~ 4.3V vs Li+/Li) of LIC.[9a]  Fortunately, here LCO is reversibly cycled between 

3.1V and 4.2V, in which LIC is stable and the binding energy between LCO and LIC is 
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high, thus explaining the ultra-long cycling stability and small interfacial resistance of 

LIC@LCO-15wt% (discussed in Figure 3 ).  

7.4 Conclusions 

Here, we reported an in-situ interfacial growth of halide electrolytes (Li3InCl6, LIC) on 

electrode materials (LiCoO2, LCO) directly aqueous solution, which successfully 

eliminated the interfacial resistance of AISSBs.  To the best of our knowledge, this is the 

first time to demonstrate the in-situ synthesis of solid-state halide electrolytes on 

electrode materials without interfacial modification.  There are several outstanding 

advantages of the in-situ interfacial growth of Li3InCl6 on electrodes for AISSBs.  First, 

in-situ interfacial growth of LIC on LCO can form intimate solid-solid contact, thus 

constructing 3D Li+ transport pathways in LIC@LCO cathode composites.  Second, no 

interfacial modification on LCO is required due to the wide electrochemical windows of 

LIC.[9a]  Third, LIC possesses a high ionic conductivity of 1.5 mS.cm-1and excellent 

chemical/electrochemical stability against LCO,[9a, 20] thus showing an ultra-small 

interfacial resistance of 0.13 .cm-2.  The interfacial resistance is several orders of 

magnitude lower than those of mainstream sulfide/oxide-based AISSBs.[5a, 10a, 21]  

Moreover, the Li+ diffusion coefficient is up to 10-9 cm-2.S-1, which is even comparable to 

that of liquid cells.  Therefore, LIC@LCO electrodes exhibited a high rate performance 

of 4C.  The corresponding powder density is 1300 W.kg-1, which overtakes previous 

results.  Last but not least, 30% of solid electrolytes are mixed in cathode composites in 

most previous references. [2-3, 22]  In our case, as less as 15wt% LIC is dispersed into 

cathode composites, which enables the high energy density (513 Wh.kg-1) of AISSBs.   

In summary, we successfully eliminated the interfacial resistance of AISSBs by in-situ 

interfacial growth of LIC on LCO.  A strong interfacial interaction between LCO and 

LIC was found by XPS and DFT calculations, which is beneficial for the long-term 
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cycling stability of AISSBs.  Benefiting from the high ionic conductivity (1.5 mS.cm-1) 

of LIC, intimate solid-solid contact, and excellent interfacial stability, the interfacial 

resistance between LIC and LCO is as low as 0.13 .cm-2.  Resultantly, the 

LIC@LCO-15wt% electrode exhibited a high initial discharge capacity of 131.7 mAh.g-1 

with an initial Coulombic efficiency of 92.7 % at 0.1C.  After 200 cycles, a capacity of 

90.3 mAh.g-1 can be retained.  Furthermore, the high rate performance (28.5 mAh.g-1 at 

4C) was achieved due to the high Li+ diffusion coefficient.  Moreover, a high areal 

capacity of LIC@LCO up to 6 mAh.cm-2 was demonstrated with a high mass loading of 

48.7 mg.cm-2 (LCO).  This facile approach offers a new route to overcome longstanding 

interfacial challenges in AISSBs, enabling high-energy-density and high-power-density 

AISSBs at room temperature.   
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7.8 Supplementary Information 

 

Figure 7-S1.  (a) and (b) SEM images of LIC@LCO-5wt%, in which Li+ conduction is 

constrained due to the uneven distribution of LIC on the LCO surface.  (c) Schematic 

illustration of LIC distribution on the LCO surface.  
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Figure 7-S2. XRD pattern of LIC@LCO with different LIC content.    

 

Figure 7-S3. (a) EIS spectra of LIC at various temperatures.  (b) Arrhenius plot of LIC. 

The ionic conductivity of LIC is 1.5 x 10-3 S.cm-1at RT and 5.2 ×10-3 S.cm-1 at 65C.  (d, 

e) SEM images of LIC powder, which shows that the size of LIC particles is about 300 

~500 nm.   
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Figure 7-S4. (a) Slow-scanned XRD pattern and Rietveld refinement result of Li3InCl6. 

(b-d) Crystal structure of Li3InCl6 in different directions. Li atom: red sphere, Cl atom: 

yellow sphere, In atom and In vacancy: green sphere.  The XRD patterns of LIC could 

be indexed well with the distorted rock-salt structure in monoclinic the space group C2/m 

(12) (ICSD No. 04-009-9027). a= 6.39980 Å, b=11.06670 Å, c=6.37880 Å, α=γ= 

90.0000, β=109.7915, unit cell volume=425.090402 Å3.  
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Table 7-S1. Structure Parameters of Li3InCl6。 

(Rwp = 4.23%, Rp=2.89%, Radiation: Cu kα, λ1 = 1.5406 Å, λ2 = 1.5444 Å) 

Atom Site x y z Occ. U Sym. 

Cl(1) 8j 0.24210 0.16220 0.23880 1.000 0.039 1 

Cl(2) 4i 0.24500 0.00000 -0.23380 1.000 0.073 m 

In(1) 4g 0.00000 0.33330 0.00000 0.180 0.317 2 

In(2) 2a 0.00000 0.00000 0.00000 0.610 0.010 2/m 

Li(1) 2d 0.50000 0.0000 0.50000 1.000 13.108 2/m 

Li(2) 4h 0.0000 0.16830 0.50000 1.000 34.181 2 

 

 

 

Figure 7-S5. Schematic view of (a) LiCoO2 and (b) Li3InCl6. Green, blue, 

red, yellow and pink spheres represent the Li, Co, O, Cl and In atoms, 
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respectively. 

 

Table 7-S2. The lattice parameters and surface energies for LCO and LIC surfaces.   

 

The surface energies are calculated by 

 

The formation energy of the LCO (110) surface is calculated to 10.60 eV.nm-2. The LIC 

(100) surface is easier to form because of its lowest surface energy of 7.57 eV.nm-2.   

 

 a（Å） b（Å） Esurf (eV/nm2) 

LCO (110) 4.94 14.17 10.60 

LIC (100) 11.27 6.56 7.57 

LIC (010) 6.40 18.16 16.52 

LIC (001) 6.75 11.47 20.46 

LIC (110) 6.56 6.52 14.37 

LIC f(111) 6.38 10.16 9.15 

 

𝐸𝑠𝑢𝑟𝑓 = (𝐸𝑠𝑙𝑎𝑏 − 𝑛𝐸𝑏𝑢𝑙𝑘)/2𝑆 
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Table 7-S3. The lattice parameter and binding energy for the LCO/LIC interface. 

 a（Å） b（Å） EB (eV/atom) 

LCO(110)/LIC(1

00) 

9.52 13.47 - 0.34 

LCO(110)/LIC 

(010) 

5.44 16.17 - 0.19 

LCO(110)/LIC 

(001) 

5.00 13.66 - 0.25 

LCO(110)/LIC 

(110) 

5.17 13.48 - 0.23 

LCO(110)/LIC 

(111) 

5.02 27.98 - 0.20 

 

The binding energies are calculated by 

 

The binding energy of the LCO(110)/LIC(100) interface is determined to be -0.34 

eV/atom, indicating that this interface is more likely to form.   

 

 

 

𝐸𝑏 = 𝐸𝐴𝐵 − (𝐸𝐴 + 𝐸𝐵) 
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Figure 7-S6. The initial charge/discharge curves of LCO in liquid cells and 

LIC@LCO-15wt% in ASSLIBs at the current density of 0.13 mA.cm-2.  The 

overlapping of the charge/discharge curves suggests the full utilization of LCO in ASSBs 

and the ultra-small interfacial resistance as in liquid cells for Li+ transport.  
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Figure 7-S7. In-situ EIS spectra of LIC@LCO electrodes during the initial 

charge/discharge process. (a) initial charge curves at 0.1C. (b) EIS spectra at different 

charge states.  (c) discharge curves at 0.1C. (d) EIS spectra at different discharge states.  

(e) Typical EIS spectra of LIC@LCO-15wt%.  The semi-circle at the middle frequency 

is the total interfacial resistance (6.8 ) between LCO and LIC.5  The specific area of 

LCO is 5 cm2.mg-1.  Thus the interfacial resistance between LCO and LIC is 0.13 

.cm-2.   
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Figure 7-S8.  (a) GITT charging curve of LIC@LCO-15wt% at 0.1C.  (a) GITT 

discharging curve of LIC@LCO-15wt% at 0.1C.  (c) The polarization of 

LIC@LCO-15wt% during the initial charge process at 0.1C.  (d) The polarization of 

LIC@LCO-15wt% during the initial discharge process at 0.1C.   (e) Li+ diffusion 

coefficient at the different depths of charge determined by GITT.  (f) Li+ diffusion 

coefficient at the different depths of discharge determined by GITT.   

 

According to the GITT theoretical analysis, Li+ diffusion coefficient can be calculated by 

the following equation: 
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Where D is chemical diffusion coefficient, S is interfacial contact area between LCO and 

LGPS in our case, τ is pulse duration (300 s in our case), ∆Es is the steady-state voltage 

change, ∆Et is the transient voltage change, mLCO is the mass of the LCO in the cathode 

composite (10.2 mg), MLCO is the molecular weight of LiCoO2 (97.87 g. mol-1).  For the 

discharge process, MLCO is the molecular weight of Li0.5CoO2 (94.4 97.87 g. mol-1).  Vm 

is the molar volume of the sample (LiCoO2, 19.56 cm3 mol-1).6   

Table 7-S4. The references for the Ragone plot.  

Name References 

Ref #1 R. Mosthev, B. Johnson, J. Power Sources 2000, 91, 86.7 

Ref #2 
K. Takada et al. Adv. Mater. (2006), 18, 2226-2229. DOI: 

10.1002/adma.200502604.8 

Ref #3 
R. Kanno et al. Nat. Mater. (2011),10, 682-686 DOI: 

10.1038/NMAT3066.9  

Ref #4 
J. Janek et al. ACS Appl. Mater. Interfaces (2017), 9, 

17835−17845 DOI: 10.1021/acsami.7b01137.10 

Ref #5 
Y-S Jung et al. Adv. Mater. (2016), 28, 1874–1883. DOI: 

10.1002/adma.201505008.6  
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Table 7-S5. The lattice parameters and bandgap of LiCoO2 under different U 

values. We adopted 4 eV for the Hubbard U value of Co 3d state in the 

present study.11 

 

U a（Å） c（Å） Bandgap (eV) 

1 2.85 14.07 1.00 

2 2.84 14.11 1.38 

3 2.84 14.14 1.77 

4 2.83 2.83a 14.17 14.04a 2.13 2.22a 

5 2.81 14.20 2.51 

 

References 

1. Perdew, J.P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made 

simple. Physical review letters 77, 3865 (1996). 

2. Anisimov, V.I., Aryasetiawan, F. & Lichtenstein, A. First-principles calculations of 

the electronic structure and spectra of strongly correlated systems: the LDA+ U method. 

Journal of Physics: Condensed Matter 9, 767 (1997). 

3. Momma, K. & Izumi, F. VESTA: a three-dimensional visualization system for 

electronic and structural analysis. Journal of Applied Crystallography 41, 653-658 

(2008). 



213 

 

4. Grimme, S. Semiempirical GGA‐type density functional constructed with a 

long‐range dispersion correction. Journal of computational chemistry 27, 1787-1799 

(2006). 

5. Asano, T. et al. Solid Halide Electrolytes with High Lithium-Ion Conductivity for 

Application in 4 V Class Bulk-Type All-Solid-State Batteries. Adv. Mater. 0, 1803075 

(2018). 

6. Park, K.H. et al. Solution-processable glass LiI-Li4SnS4 superionic conductors for 

all-solid-state Li-ion batteries. Adv. Mater. 28, 1874-1883 (2016). 

7. Moshtev, R. & Johnson, B. State of the art of commercial Li-ion batteries. J. Power 

Sources 91, 86-91 (2000). 

8. Ohta, N. et al. Enhancement of the high‐rate capability of solid‐state lithium batteries 

by nanoscale interfacial modification. Adv. Mater. 18, 2226-2229 (2006). 

9. Kamaya, N. et al. A lithium superionic conductor. Nat. Mater. 10, 682-686 (2011). 

10. Zhang, W. et al. Interfacial Processes and Influence of Composite Cathode 

Microstructure Controlling the Performance of All-Solid-State Lithium Batteries. ACS 

Appl. Mater. Interfaces 9, 17835-17845 (2017). 

11. Haruyama, J., Sodeyama, K., Han, L.Y., Takada, K. & Tateyama, Y. Space-Charge 

Layer Effect at Interface between Oxide Cathode and Sulfide Electrolyte in 

All-Solid-State Lithium-Ion Battery. Chem. Mater. 26, 4248-4255 (2014). 

 

  



214 

 

Chapter 8 

8. Stabilizing Interface between Li10SnP2S12 and Li Metal by 

Molecular Layer Deposition* 

Besides the success made at the cathode interface, suppressing interfacial reactions and 

lithium dendrite growth between Li metal and solid-state sulfide electrolytes (SEs) is of 

great importance to high-energy-density all-solid-state lithium metal batteries 

(ASSLMBs).   

In this work, molecular layer deposition (MLD) is employed for the first time to develop 

an inorganic-organic hybrid interlayer (alucone) at the interface between the Li metal 

and SEs.  It is found that the alucone layer can serve as an artificial solid electrolyte 

interphase (SEI).  As a result, interfacial reactions between Li and SEs are significantly 

suppressed by intrinsically blocking electron transfer at the interface.  In addition, 

lithium dendrites are also suppressed.  Coupled with a LiCoO2 cathode, ASSLMBs with 

30 MLD cycles of alucone on Li metal exhibit a high initial capacity of 120 mAh g-1 and 

can retain a capacity of 60 mAh g-1 after 150 cycles.  This work exemplifies the use of 

MLD to stabilize the interface between SEs and Li metal for ASSLMBs. 

 

 

 

 

*Note: This work has been published in Nano Energy.   

Changhong Wang, Yang Zhao, Qian Sun, Xia Li, Yulong Liu, Jianwen Liang, Xiaona Li, 

Xiaoting Lin, Ruying Li, Keegan R Adair, Li Zhang, Rong Yang, Shigang Lu, Xueliang 

Sun, Stabilizing interface between Li10SnP2S12 and Li metal by molecular layer 

deposition.  Nano Energy, 2018, 53, 168-174. 
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8.1 Introduction 

All-solid-state lithium metal batteries (ASSLMBs) have gained increasing interest in 

recent years due to their superior safety and higher energy density over those of 

state-of-the-art lithium-ion batteries.[1, 2]  To realize ASSLMBs, the development of 

solid-state electrolytes is essential.  Currently, there are three main categories of 

solid-state electrolytes under development, including lithium-ion-conductive polymer 

electrolytes, inorganic lithium-ion-conductive ceramics and their composites as hybrid 

electrolytes.[3, 4]  Among the inorganic ceramics, sulfide electrolytes (SEs) are 

attracting increasing interest due to their outstanding ionic conductivity (>10-3 S/cm).  

For example, Li9.54Si1.74P1.44S11.7Cl0.3 shows an ionic conductivity of 25 mS cm-1,[5] 

which is almost two times higher than that of conventional liquid electrolytes (10.2 mS 

cm-1).[6]  On the other hand, Li metal is considered as the ultimate choice among all the 

possible anodes for solid-state lithium batteries due to its highest theoretical capacity of 

3,860 mAh g–1, or 2,061 mAh cm–3 and lowest electrochemical potential (–3.040 V 

versus the standard hydrogen electrode), ASSLMBs with high energy density can be 

achieved. [4, 7, 8]  

However, two major challenges hinder the direct use of Li metal in ASSLMBs. Firstly, 

lithium dendrite formation can lead to short circuits and poses serious safety concerns.  

Secondly, the interface instability between Li metal and SEs leads to large interfacial 

resistance for Li-ion (Li+) conduction.  Over the past decades, several promising 

strategies have been proposed to enable the use of Li metal in ASSLMBs: (1) using 

Li-Metal alloys instead of pure Li metal anodes, such as Li-In and Li-Al alloys. [9, 10] (2) 

double layer electrolytes with distinct properties, in which using relatively stable SEs 

against Li metal can improve the interfacial stability, [11, 12]  and (3)  protective layers 

on the Li metal surface,[13-15] such as LiH2PO4[16] and Al2O3,[17] to engineer the 

interface. However, many of these strategies have drawbacks such as sacrificing the 
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electrochemical potential of Li metal, lowering the overall energy density, and difficulty 

in achieving uniform thin film coatings.  

In this work, we use molecular layer deposition (MLD) for the first time to develop an 

inorganic-organic hybrid interlayer (alucone) at the interface between the SEs and Li 

metal.  It was found that the alucone layer can serve as an artificial solid electrolyte 

interphase (SEI), intrinsically blocking the electron transfer at the anode interface, thus 

completely suppressing the interfacial reactions between Li and SEs.  Moreover, lithium 

dendrite formation was also suppressed by the MLD coating.  In light of the molecular 

structure of coatings, the inorganic-organic hybrid MLD coating has improved 

mechanical properties over that of purely inorganic coatings such as Al2O3, which is 

beneficial for the accommodation of the stress/strain caused by the volume change of 

electrodes.  Coupled with a LiCoO2 cathode, ASSLMBs with the Li metal protected by 

alucone exhibit smaller polarization, higher capacity, and longer cycle life than those with 

bare Li metal.  The underlying reasons are believed to be the suppression of interfacial 

reactions and lithium dendrite formation, thus guaranteeing the long-term cyclability of 

ASSLMBs.  This work exemplifies the use of MLD to stabilize the interface between 

SEs and Li for ASSLMBs. 

8.2 Experimental Section 

8.2.1 Li Preparation 

A fresh Li foil was used directly.  Molecular layer deposition (MLD) of Alucone 

coatings was conducted in a Gemstar-8 ALD system (Arradiance, USA) directly 

connected with the argon-filled glove box. Alucone was directly deposited on the 

as-prepared foil at 85℃ by alternatively introducing trimethylaluminum (TMA) and 

ethylene glycol (EG) as precursors. The MLD process is performed as a sequence of 
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TMA pulse/purge/EG pulse/purge sequence with the time of 0.01 s/40 s/0.01 s/70 s, 

respectively. The different cycle numbers of 10, 30 and 50 MLD alucone coating on Li 

foils are named 10alucone Li, 30alucone Li, and 50alucone Li, respectively. For 

comparison, Al2O3 was performed using TMA and H2O as precursors at 85℃ by ALD.  

8.2.2 Electrochemical Measurements 

The electrochemical analysis was performed in CR2032 coin-type cells.  Li10SnP2S12 

was purchased from NEI corporation.  The symmetric cells with a configuration of 

Li/Li10SnP2S12/Li were assembled in an ultra-pure argon-filled glove box. The Li 

stripping/plating studies were carried out in an Arbin BT-2000 battery test system at room 

temperature. Constant current densities were applied to the electrodes during repeated 

stripping/plating while the potential was recorded over time.  Electrochemical 

impedance analysis was performed on a biologic electrochemical station with a frequency 

range from 1000 kHz to 100 m Hz with an amplitude of 10 mV. Cathode composites 

were mixed with LiCoO2, Li10SnP2S12, and acetylene black with a ratio of 60:34:6.  To 

assemble all-solid-state lithium metal batteries, the 80 mg Li10SnP2S12 was pelletized 

under 1 ton using a pelletizer with a diameter of 1/2 inch. Then 10 mg cathode 

composites were put on the side of Li10SnP2S12 and then pressed at 3 tons. Finally, Li foil 

was put on another side of Li10SnP2S12 and pressed at 0.5 tons.  All the ASSLMBs were 

tested with the cut-off voltages from 2.5 V to 4.5 V.   

8.2.3 Characterizations 

The morphology of materials was analyzed by a Hitachi S-4800 field emission SEM 

equipped with EDX.  XRD patterns were scanned using a Bruker D8 diffractometer, 

using Cu Kα radiation.  X-ray photoelectron spectroscopy was performed using Thermo 

Scientific ESCALAB 250Xi with Al Kα-radiation. The pressure in the analysis chamber 
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was typically 2 ×10-9 torr during acquisition.  Raman spectra were collected using the 

laser with a wavelength of 532 nm.   

8.3 Results and Discussion 

 

Figure 8-1 Schematic illustration of SE-based ASSLMBs. (a) SE-based ASSLMBs. 

(b) The resistive layer at the interface between Li and SEs. (c) Alucone layer on the Li 

surface. (d) The chemical structure of alucone deposited by MLD.   

The configuration of all-solid-state lithium metal batteries (ASSLMBs) is illustrated in 

Figure 8-1a, which is consisted of Li metal, SEs, and a cathode. Generally, once bare Li 

directly contacts with SEs, a resistive layer forms at the interface due to the chemical 

instability of SEs against highly reactive Li metal (Figure 8-1b).[16, 18]  Here, we 

employed MLD to introduce an inorganic-organic hybrid thin film (alucone) at the 

interface (Figure 8-1c). The chemical structure of polymeric alucone films is present in 

Figure 8-1d, which was deposited on the Li surface by MLD using the precursors of 

trimethylaluminum (TMA) and ethylene glycol (EG).[19, 20]  The morphology of Li 

foils was checked by scanning electron microscopy (SEM). As shown in Figure S1, there 
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is no obvious change on the Li metal surface after the MLD process.  X-ray 

photoelectron spectroscopy (XPS) was used to confirm the alucone thin film the Li 

surface, Al, Li, C, and O peaks were clearly detected on the Li surface after 30 MLD 

cycles (Figure 8-S2), which are originated from the polymeric alucone layer. It should be 

mentioned that the thickness of the MLD thin film can be controlled at the 

atomic/molecular level through the self-limiting reactions between two precursors.  

Based on our previous study, the growth rate of alucone on Li metal foils is 0.3~0.5 nm 

per cycle.[20, 21]  The different thickness of the alucone coating on Li metal is listed in 

Table 8-S1.  A detailed MLD coating process can be found in the experimental section.  

The alucone thin film has an abundant ether bond (–O–), which is effectively helpful for 

Li+ transport,[22] thus serving as artificial solid-electrolyte interphase (SEI) on Li surface 

after lithiation. SEI is known as a good lithium-ion conductor but an electronic 

insulator.[23]  Thus interfacial reactions between Li metal and SEs could be suppressed 

by blocking electron transfer between Li and SEs.  Furthermore, MLD coatings 

generally have a lower elastic modulus than pure inorganic coatings, which is beneficial 

for the accommodation of stress/strain caused by the volume change of electrodes during 

cycling.[20, 21, 24] 
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Figure 8-2 Characterizations of Li10SnP2S12 (LSPS).  (a) Crystal structure of LSPS.  

(b)  XRD pattern of as-prepared LSPS.  (c) EIS profiles of LSPS at various 

temperatures.  (d) Arrhenius plot of LSPS conductivity.   

In terms of SEs, a member of LMPS family-Li10SnP2S12 (LSPS)-was selected, which is 

favorable for its satisfactory ion conductivity and low cost for practical application.[25-27]  

The crystal structure framework of LSPS consists of (Sn0.5P0.5)S4 tetrahedra, PS4 

tetrahedra, LiS6 octahedra, and LiS4 tetrahedra (Figure 8-2a and Figure 8-S3).[25, 26] 

LSPS has a one-dimensional conduction path along the c-axial.[28]  In addition, the 

thio-LiSICON structure of LSPS is evidenced by X-ray diffraction (XRD) patterns 

(Figure 8-2b). Based on the electrochemical impedance spectroscopy (EIS) measurement, 

the ionic conductivity of Li10SnP2S12 is 3.12 x 10-4 S/cm at room temperature (Figure 

8-2c).  According to the Nernst-Einstein equation σ(T) = Aexp(-EA/kBT), where σ is the 

ionic conductivity at a certain temperature, A is the pre-exponential factor, T is the 

temperature in Kelvin, kB is the Boltzmann constant, EA is the activation energy of Li+ 

hopping between two adjacent sites,[29] LSPS possesses an activation energy of 0.285 eV 

(Figure 8-2d).  In addition, the morphology of LSPS was also examined by scanning 

electron microscopy (SEM) (Figure 8-S4).  The particle size of LSPS varies from a few 

hundred nanometers to several micrometers. The large particle seems to be the 

aggregation of the small LSPS particles.   
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Figure 8-3 Electrochemical impedance spectra of Li symmetric cells.  (a) 

Time-dependent EIS spectra of bare Li-LSPS-Li.  (b) Time-dependent EIS spectra 

of 10alucone Li-LSPS-Li.  (c) Time-dependent EIS spectra of 30alucone Li-LSPS-Li.  

(d) Time-dependent EIS spectra of 50alucone Li-LSPS-Li.   

By co-axial pressing, LSPS can be easily pressed into pellets because of its low elastic 

modulus. Furthermore, to evaluate the interface stability between LSPS and Li metal, Li 

symmetric cells with a structure of Li/LSPS/Li were fabricated and then the EIS was 

conducted as a function of time.  In Nyquist plots of Li symmetric cells, there are two 

typical EIS spectra.[30, 31]  One consists of a high-frequency semicircle and a 

finite-length Warburg impedance at low frequencies (Figure 8-S5a).[30]  These 

characteristics are typical for mixed ion-electron conductor (MCI, an acronym for mixed 

conductor interphases).  Another one is characteristic of a single semicircle at high 

frequency, which indicates the formation of ion-conducting SEI at the interface (Figure 

8-S5b). A detailed explanation is included in the SI.[30]  Nyquist plots of Li/LSPS/Li 

symmetric cells mainly consists of a high-frequency semicircle with a finite-length 

Warburg impedance (Figure 83a), which indicates the interface between Li and LSPS is 

a mixed ion-electron conductor. Both interfacial resistance (Rint) and Warburg impedance 

(Ws) increase significantly within 24 hours, indicating the growth of mixed conductor 

interphase (MCI) caused by the noticeable interfacial reactions between Li and LSPS.  

With alucone coating on Li metal, the Nyquist plot mainly shows a single semicircle at 

the high frequency, indicating that the interface between LSPS and alucone-coated Li 

metal is an ion-conducting SEI layer (Figure 8-3b, 8-3c, and 8-3d).  More interestingly, 

in the case of 10 cycles alucone (10alucone) coating on Li metal, Rint is still increasing 

within 24 hours (Figure 8-3b), implying that 10alucone could not completely suppress 

the interfacial reactions between Li and LSPS.  However, in the case of 30 cycles 

alucone (30alucone) coating on Li metal, Rint is almost stable and the total resistance is 

minimized (Figure 8-3c), indicating that the remarkable interfacial reactions between 
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LSPS and pristine Li are well suppressed.  Nevertheless, in the case of 50 cycles alucone 

(50alucone), the overall resistance is almost 10 kΩ (Figure 8-3d), implying that the 

thicker alucone coating blocks the ion migration at the interface.  From the EIS results, it 

can be concluded that 30aluocne coating on Li metal can serve as an effective 

ion-conducting SEI interphase and effectively suppress the interfacial reactions.  

 

Figure 8-4 Comparison of Li+ plating/stripping behavior of Li symmetric cells at a 

current density of 0.1 mA cm−2 with an areal capacity of 0.1 mAh cm−2.  (a) 10 cycles 

alucone (10alucone Li) versus bare Li.  (b,c) Voltage profiles of the 10alucone Li and 

the bare Li foil in the 1st cycle and the 25th cycle, respectively.  (d) 30 cycles alucone 

(30alucone Li) versus bare Li.   (e, f) Voltage profiles of the 30alucone Li and the 

bare Li foil in the 1st cycles and the 25th cycle, respectively.  (g) 50 cycles alucone 

(50alucone Li) versus the bare Li.  (h,i) Voltage profiles of the 50alucone Li and the 

bare Li foil in the 1st cycle and the 25th cycle, respectively.  

Furthermore, to study the electrochemical stability and reversibility of Li metal against 
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LSPS, Li symmetric cells were discharged and charged at a constant current (0.1 mA cm-2) 

with an areal capacity of 0.1 mAh cm-2.  Without any coating, the over-potential of Li+ 

plating/stripping is greatly increasing (Figure 8-4a), indicating that bare Li metal 

phenomenally reacts with LSPS, resulting in highly resistive interphase at the interface. 

After 4000 minutes, the over-potential increases to 3.6V and the short circuit happens, 

which is related to the unlimited formation of the highly resistive interphase and lithium 

dendrites.  Using 10 cycles of alucone coating, the short circuit is suppressed within 

10000 minutes. However, the over-potential of Li+ plating/stripping of l0aluocone coated 

Li is still increased to 3.4V, which means that 10aluocone coating cannot suppress the 

interfacial reactions between SEs and Li metal.  The plateau of Li+ plating/stripping at 

the 1st cycle and 25th cycle are present in Figure 8-4b and Figure 8-4c, showing the first 

charge process has a large over-potential at the first cycle, which indicates that Li+ need 

to overcome an energy barrier before nucleation.[32]  Interestingly, in the case of 

30alucone Li, the over-potential of Li+ plating/stripping almost keeps less than 0.5V 

within 10000 minutes (Figure 8-4d), strongly indicating the stable electrochemical 

process at the anode interface between Li metal and LSPS.  Again, no short circuit 

appears. These results are nicely consistent with the EIS results above-mentioned.  

Compared the Li+ plating/stripping plateau at the first cycle and 25th cycle, it also can be 

clearly seen that the over-potential is much lower than that of the control sample, as 

shown in Figure 8-4e and Figure 8-4f.  To gain insight into the chemical valent 

evolution of Sn in LSPS, X-ray photoelectron spectroscopy (XPS) was conducted after 25 

cycles. As displayed in Figure S6, the Sn 3d spectra exhibited spin-orbit doublet peaks at 

486.76 eV (Sn4+3d5/2) and 495.22 eV (Sn4+ 3d3/2).[33]  Without any coating, the main 

peaks shift to low binding energy, indicating that Sn4+ was reduced to Sn2+.[33]  With 

30alucone coating, the main peaks of Sn 3d stay at the same energy position as those of 

pristine LSPS.  The XPS results strongly suggest that MLD coating can effectively 

overcome the interfacial reactions between LSPS and Li metal. 
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When the MLD coating cycles increase to 50 cycles, there is a large over-potential at the 

very beginning, as present in Figure 4g, indicating that 50alucone thin film is too thick for 

Li+ hopping during the initial platting and stripping process (Figure 8-4h).  Interestingly, 

the over-potential is decreased after 10 cycles and reach the same level at the 25 cycles 

(Figure 8-4i), which means the alucone layer could be lithiated, serving as artificial SEI.  

In addition, the alucone thin film is electronically insulative, thus the interfacial reactions 

between Li and LSPS can be totally suppressed as long as the thickness is optimized. 

To demonstrate the necessity to build an inorganic-organic hybrid coating, purely 

inorganic Al2O3 with different thicknesses was also deposited by ALD on the Li metal 

surface with TMA and water as a comparison. EIS spectra of the symmetric cells were 

recorded as a function of time (Figure 8-S7).  The interface between LSPS and Li metal 

with 10 or 25 cycles Al2O3 is a mixed ion-electron conductor interphase, while the 

interface is an ion-conducting interphase in the case of 50 and 200 cycles Al2O3.  The 

results confirm that the thickness of the coating layer also plays an important role in 

forming different categories of the interface layer.   

Furthermore, Li symmetrical cells with Al2O3-coated Li were also charged and 

discharged at a constant current density of 0.1 mA.cm-2 (Figure 8-S8).  The 

over-potential of Li+ plating/stripping still keeps increasing over time, indicating the 

interfacial reactions between Li and LSPS were not well inhibited. The underlying reason 

is believed to be that Li-ion conductive LiAlOx thin film, which is resulted from the 

lithiation of Al2O3,[34, 35] possesses a very high elastic modulus.  Therefore, the 

LiAlOx thin film cannot accommodate the large stress/strain caused by Li+ 

plating/stripping.  Comparatively, the organic-inorganic hybrid coating layer deposited 

by MLD (alucone) is much more effective than the organic coating layer (Al2O3) 

deposited by ALD in terms of the suppression of lithium dendrites and interfacial 

reactions.   
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Figure 8-5 Electrochemical performance of all-solid-state lithium metal batteries.  

(a) Initial charge-discharge curves of LiCoO2-based ASSLMBs at 0.01C at room 

temperature.  (b) Initial charge-discharge curves of LiCoO2-based ASSLMBs at 

0.1C at 55 °C. (c) Charge-discharge curves of LiCoO2-based ASSLMBs at the 2nd and 

60th cycles.  (d) Cycle performance of LiCoO2-based ASSLMBs at 55 °C.   

Coupled with the LiCoO2 cathode, ASSLMBs were fabricated with the bare Li metal 

anode and 30alucone Li metal anode, respectively. First, ASSLMBs were cycled at room 

temperature with a current density of 0.01C (1C=140 mA/g). It is clearly shown that 

ASSLIBs with 30alucone Li shows smaller polarization and higher initial efficiency 

(98 %) compared to those with bare Li metal (92 %) (Figure 8-5a). This coincides with 

the EIS and Li symmetric cell results discussed above.  Moreover, to increase the current 

density, ASSLMBs were further tested at 55 °C at 0.1C.  ASSLMBs with 30alucone Li 

shows a specific capacity of 120 mAh.g-1, which is higher than that of ASSLMBs with 

bare Li (107 mAh.g-1) (Figure 8-5b). After 60 cycles, ASSLMBs with bare Li metal 

show almost no capacity and surprisingly large polarization (Figure 8-5c), which is 

believed to be caused by the large interfacial resistance at the anode interface. As a sharp 
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comparison, ASSLMBs with 30 alucone Li shows smaller polarization at the 60th cycle 

and can be stably cycled over 150 cycles.  The capacity still remains at 60 mAh.g-1 after 

150 cycles (Figure 8-5d). Obviously, the improved cycle performance is resulted from 

the improved anode interface by MLD coating.  Interestingly, the low initial efficiency 

jumped to 98% after several cycles, which means that a part of Li consumed to lithiate the 

alucone thin film during the initial charge process, forming an artificial SEI.   

8.4 Conclusions 

Li metal is regarded as the ultimate choice of ASSLMBs because of the high capacity and 

lowest electrochemical potential of Li metal, which enable the solid-state lithium batteries 

with high energy density.  However, the interfacial instability of LSPS and Li metal 

imposes a big barrier for its application in ASSLMBs.  In this work, we use MLD to 

develop an inorganic-organic interlayer (alucone) at the interface between Li and LSPS.  

With the help of the alucone coating layer, the interfacial reactions between Li metal and 

LSPS are greatly suppressed.  In addition, lithium dendrite formation is also inhibited.  

By XPS analysis, the reduction of Sn4+ in LSPS was restrained with the MLD coating 

layer.  Compared with bare Li, LiCoO2-based ASSLMBs with 30aluocne Li exhibit 

smaller polarization, higher Coulombic efficiency, higher capacity, and longer cycle life. 

This demonstration clearly suggests that Li metal with MLD coating can be successfully 

applied to ASSLMBs without compromising the output voltage and energy density of 

ASSLMBs. 
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8.8 Supporting Information 

Table 8-S1. The thickness of alucone with different coating cycles on the Li foils. 

Sample name MLD cycles Thickness (nm) 

10alucone Li 10 3~5 

30alucone Li 30 9~15 

50alucone Li 50 15~25 

Based on our previous study, the growth rate of polymeric alucone on Li metal foils is 

0.3~0.5 nm per cycle.[1, 2] 

 

 

Figure 8-S1. SEM images of bare Li foils (a,b) and 30alucone Li foils (c,d).  After 30 

cycles MLD coating, there is no obvious change on the Li foil surface.   



232 

 

 

Figure 8-S2. XPS spectra of 30alucone Li. (a) full survey, (b) Al 2p spectrum, (c) Li 1s 

spectrum, (d) C 1s spectra, and (e) O 1s spectra.   

The Al spectrum can be detected on the Li foil surface, which is resulted from the alucone 

coating layer.  Besides, the C, O spectra are attributed to the organic links between Al3+ 

ions.   
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Figure 8-S3. (a) crystal structure framework of LSPS along a-axis (b), b-axis (c), and 

c-axis (d). 

 

Figure 8-S4. (a,b) SEM image of LSPS at different magnifications.  
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Figure 8-S5. Two typical EIS spectra of Li symmetric cells, in which mixed 

electron-ion conductor interface (a) dominates the interfacial resistance or ion-conducting 

SEI interface (b) determines the interfacial resistance. SEI is an acronym for solid 

electrolyte interphase.   

In the case of Li/LSPS/Li cells, the Nyquist plot is characterized by a high-frequency 

semicircle and a finite-length Warburg impedance at low frequencies.  These 

characteristics are typical for mixed ion-electron conductor (MCI, an acronym for mixed 

conductor interphases), which is usually described by an equivalent circuit as an inset in 

Figure S4(a).  The Rint||CPE1 element describes the high-frequency semicircle and 

represents the parallel migration of ions and electrons in the MCI layer and dielectric 

capacitance of the MCI layer.  The finite-length Warburg impedance Ws (Warburg short) 

describes the formation of Li+ and e- diffusion layer in the MCI layer due to the blocking 

of electrons by the bulk phase of SE.[3, 4]  
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In contrast, the representative Nyquist plot of Li/alucone/LSPS/alucone/Li is dominated 

by a single large semicircle, which is typical for a formation of ion-conducting SEI (SEI, 

an acronym for solid electrolyte interphase) at the interface between LSPS and Li.  The 

corresponding equivalent circuits are shown in Figure S4(b), in which Rint||CPE1 element 

represents the ion migration in the SEI layer and dielectric capacitance of the SEI layer.[3, 

4]   

 

Figure 8-S6. XPS spectra of Sn 3d for LSPS pellets after 25 cycles.  The Sn 3d spectra 

exhibited spin-orbit doublet peaks at 486.76 eV (Sn4+3d5/2) and 495.22 eV (Sn4+ 3d3/2). 
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Figure 8-S7.  Electrochemical impedance spectra of Li symmetric cells.  (A) 

Time-dependent EIS spectra of bare 10Al2O3 Li-LSPS-Li.  (B) Time-dependent EIS 

spectra of 25Al2O3Li-LSPS-Li.  (C) Time-dependent EIS spectra of 25Al2O3 

Li-LSPS-Li.  (D) Time-dependent EIS spectra of 200Al2O3 Li-LSPS-Li.   
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Figure 8-S8. Electrochemical performance of Li symmetric cells.  (a) Comparison of 

the cycling stability between the Li with 10Al2O3 (10Al2O3 Li) and the bare Li foil at a 

current density of 0.1 mA cm−2.  (b) Comparison of the cycling stability between the Li 

with 25Al2O3 (25Al2O3 Li) and the bare Li foil at a current density of 0.1 mA cm−2.  (c) 

Comparison of the cycling stability between the Li with 50Al2O3 (50Al2O3 Li) and the 

bare Li foil at a current density of 0.1 mA cm−2.  (d) Comparison of the cycling stability 
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between the Li with 200Al2O3 (200Al2O3 Li) and the bare Li foil at a current density of 

0.1 mA cm−2. The total areal capacity corresponding to the plating/stripping of Li is 0.1 

mAh cm−2.   
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Chapter 9 

9. Solid-State Plastic Crystal Electrolytes: Effective Protection 

Interlayers for Sulfide-based All-Solid-State Lithium Metal 

Batteries* 

Following the success of the inorganic-organic hybrid coating layer at the anode 

interface.  In this work, a solid-state plastic crystal electrolyte (PCE) was engineered as 

an interlayer in SE-based ASSLMBs.  It is demonstrated that the PCE interlayer can 

prevent interfacial reactions and lithium dendrite formation between SEs and Li metal.  

As a result, ASSLMBs with LiFePO4 exhibit a high initial capacity of 148 mAh.g-1 at 0.1 

C and 131 mAh.g-1 at 0.5 C (1C=170 mA.g-1), which remains at 122 mAh.g-1 after 120 

cycles at 0.5C.  All-solid-state Li-S batteries based on the polyacrylonitrile-sulfur 

composite are also demonstrated, showing an initial capacity of 1682 mAh.g-1.  The 

second discharge capacity of 890 mAh.g-1 keeps at 775 mAh.g-1 after 100 cycles.   This 

work provides a new avenue to address the interfacial challenges between Li metal and 

SEs, enabling the successful adoption of Li metal in sulfide-based all-solid-state lithium 

metal batteries with high energy density.   

 

 

 

 

 

*Note: This work has been published in Advanced Functional Materials 

Changhong Wang, Keegan R Adair, Jianwen Liang, Xiaona Li, Yipeng Sun, Xia Li, 

Jiwei Wang, Qian Sun, Feipeng Zhao, Xiaoting Lin, Ruying Li, Huan Huang, Li Zhang, 

Rong Yang, Shigang Lu, Xueliang Sun, Solid‐State Plastic Crystal Electrolytes: 

Effective Protection Interlayers for Sulfide‐Based All‐Solid‐State Lithium Metal 

Batteries, Advanced Functional Materials. 2019, 29, 1900392 
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9.1 Introduction 

With the rapid development of electric vehicles and large-scale energy storage systems, 

batteries with improved safety and high energy density are in great demand.  In terms of 

the conventional lithium-ion battery (LIB), it falls short of the requirements of safety and 

high energy density due to the combustible nature and limited electrochemical window of 

organic electrolytes.[1]  Under these circumstances, all-solid-state lithium batteries based 

on a solid electrolyte have been proposed.[1a, 2]  Taking into account the intrinsic 

properties of inorganic solid-state electrolytes, such as the inflammability and wide 

electrochemical windows (0~5V),[3] all-solid-state lithium batteries are believed to be an 

excellent candidate for the future energy storage system that requires the high energy 

density and high safety.[2b]  Over the past decades, significant achievements have been 

made in solid-state electrolytes with high ionic conductivity, such as sulfide electrolytes 

(SEs),[4] oxide electrolytes,[5] polymer electrolytes,[6] and hybrid electrolytes.[7]  So far, 

the ionic conductivity of solid-state electrolytes can reach up to 10-3 ~ 10-2 S/cm.  In 

particular, the ionic conductivity of SEs represented by Li9.54Si1.74P1.44S11.7Cl0.3 (2.5 ×10-2 

S.cm-1),[4] Li10GeP2S12 (1.2 ×10-2 S.cm-1),[3] and Li10.35[Sn0.27Si1.08]P1.65S12 (1.1 ×10-2 

S.cm-1)[8] can rival that of commercial liquid electrolytes (1.02 × 10-2 S.cm-1).[9]  

However, the huge interfacial resistance, originating from the inferior solid-solid contact 

and significant interfacial reactions at both cathode and anode interfaces, restricts the 

electrochemical performance of all-solid-state lithium batteries.[10]  To address the 

cathode interface issues, various strategies have been proposed over the past years, for 

example, using soluble SEs to coat on active materials to increase the 

electrode-electrolyte contact area,[11] adding some ionic liquids to enhance the ionic 

contact,[12] and using a buffer layer to suppress the interfacial reactions, such as 

Li4Ti5O12
[13] and LiNbO3.

[14]  In a sharp contrast to the great progress on the cathode 

interface, little progress has been made on the anode interface, especially using lithium 
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(Li) metal as the anode, because the challenges at the interface between Li metal and SEs 

are very difficult to address, such as the remarkable interfacial reactions, Li dendrite 

formation, and volume change.  Until now, only a few all-solid-state lithium batteries 

based on the Li metal anode (namely, all-solid-state lithium metal batteries, ASSLMBs) 

has been demonstrated.[15]  In view of the high theoretical specific capacity (3860 

mAh.g-1) and low reduction potential (−3.040 V) of Li metal,[2b] enabling Li metal as the 

anode in all-solid-state lithium batteries is a must, especially for achieving high energy 

density over 400 Wh. Kg-1[16]   

Solid-state plastic crystal electrolytes (PCE) have long been known for their high 

room-temperature ionic conductivity.[17]  It has also been demonstrated that 

succinonitrile (SN)-based on PCE possess good thermal stability and nonflammability, 

which shows a great promise as a safe electrolyte.[18]  In addition, using the SN as an 

additive in conventional carbonate electrolytes can improve the thermal stability of 

LIBs.[19]  Inspired by these good properties, the SN-based PCE was engineered as an 

interlayer to resolve the instability of SEs against Li metal, enabling the successful 

adoption of Li metal anodes in all-solid-state lithium batteries.  Besides, the chemical 

compatibility between SEs and PCE guarantees the long-term cycling stability of 

ASSLMBs.  As a proof of concept, ASSLMBs based on LiFePO4 exhibit a high initial 

capacity of 148 mAh.g-1 at 0.1 C and 131 mAh.g-1 at 0.5 C (1C=170 mA.g-1), which 

remains 122 mAh.g-1 after 120 cycles at 0.5C.  Furthermore, all-solid-state 

lithium-sulfur (Li-S) batteries based on Li metal and polyacrylonitrile-sulfur composites 

present an initial capacity of 1682 mAh.g-1, a second discharge capacity of 890 mAh.g-1 

and capacity retention of 775 mAh.g-1 after 100 cycles.  The decay rate of the specific 

capacity is as low as 0.14%.   This demonstration provides a new avenue to address the 

interfacial challenges between Li metal and SEs, enabling the successful adoption of Li 

metal anodes in SE-based ASSLMBs. 
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9.2 Experimental Section 

9.2.1 Preparation of Plastic Crystal Electrolytes 

Plastic crystal electrolytes (PCE) were made with 5 mol% LiTFSI (lithium 

bis(trifluoromethanesulfonyl)imide, Sigma Aldrich, 99.95%) in succinonitrile (Alfa Aesar, 

98%) at 60℃.  In addition, 2 wt% additives LiNO3 was added to stabilize the Li metal 

interface.  Then the mixture was cooled down to room temperature.  To get a PCE 

pellet, glass fiber was used as host and emerged into PCE at 60℃, and then cooling down 

to room temperature to get a solid-state PCE pellet.  The thickness of the PCE pellets is 

300 µm (Figure S15).  The ionic conductivity of PCE was measured with stainless steel 

as a current collector.  Li10GeP2S12 was purchased from MSE supplies.  To evaluate 

the ionic conductivity of LGPS, 100 mg LGPS was pelletized under 350 MPa. The 

thickness of the LGPS pellets is 500 µm (Figure S13).  Indium foils were used as current 

collectors.    

9.2.2 Electrochemical Measurements 

Electrochemical impedance analysis was performed on a biologic electrochemical station 

with a frequency range from 7MHz to 0.1 Hz with an amplitude of 20 mV.  To fabricate 

solid-state lithium-ion batteries, LiFePO4 and Li10GeP2S12 and acetylene black were 

thoroughly mixed in an agate mortar with a weight ratio of 60:34:6.  80 mg 

Li10GeP2S12 was pelletized under 150 MPa with a home-made mold cell.  Then 10 mg 

cathode composites were spread on one side of the Li10GeP2S12 pellet and pressed 

under 350 MPa for 2 min.  A piece of Li foil was polished and put on another side of the 

Li10GeP2S12 pellet and pressed under 50MPa.  To make solid-state lithium-sulfur 

batteries, polyacrylonitrile-sulfur (PAN-S) composites were synthesized following the 

same method in our previous reports.[24]  Then PAN-S composites were mixed with 
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LGPS in an agate mortar with a weight ratio of 50:50, then using the same method as 

making solid-state lithium-ion batteries to make all-solid-state Li-S batteries.  For 

comparison, a PCE pellet was added at the interface between LGPS and Li metal.  To 

improve the ionic contact between LGPS and active materials, 50~100 µL PCE was 

added into the cathode composites.  ASSLMBs were tested by a LAND system from 2.5 

V to 4.1 V at room temperature.  All-solid-state Li-S batteries were tested by the LAND 

system from 1.0 V to 3.0V at room temperature.   

9.2.3 Characterizations 

XRD patterns were recorded using a Bruker D8 diffractometer, using Cu Kα radiation.  

XPS was recorded using Thermo Scientific ESCALAB 250Xi with Al Kα-radiation. The 

pressure in the analysis chamber was typically 2 ×10-9 torr during acquisition.  For 

probing the LGPS change on the LGPS-Li interface after cycling, we scratched LGPS 

powder from Li metal after cycling.  For probing the LGPS change on the 

LGPS-PCE-Li after cycling, the LGPS pellets were taken out from the cell after cycling.  

Raman spectra were collected using a laser with a wavelength of 532 nm.  Morphology 

was examined by Scanning electron microscopy (SEM) using a Hitachi S-4800 operated 

at 5 kV accelerating voltage.  X-ray absorption spectroscopy was done in Canadian 

Light Source with an energy range of 1.7 ~ 10 keV.   
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9.3 Results and Discussion   

 

Figure 9-1 (a) Schematic diagram of ASSLMBs.  (b) Schematic diagram of 

ASSLMBs with the PCE interlayer.   

Figure 9-1a shows the schematic diagram of SE-based ASSLMBs.  If Li metal directly 

contacts SEs, thermodynamically, SEs are easily reduced by Li metal, forming highly 

resistive interphase, which blocks the Li+ transport across the interface,[20] as circulated in 

Figure 1a.  Using the PCE as an interlayer, the interfacial reactions between SEs and Li 

metal can be avoided by preventing the direct contact between SEs and Li metal.  As 

long as the PCE is stable against SEs and Li metal, ASSLMBs can be successfully 

achieved (Figure 1b).  At the cathode side, point-to-point contact can be also improved 

by submerging the cathode in a PCE matrix, thus forming a continuous three-dimensional 

Li+ conduction pathway.   
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Figure 9-2 (a) Photographs of PCE (5 mol% LiTFSI in SN) at 60 ℃ (left) and room 

temperature (right), (b) XRD patterns of SN, LiTFSI, and PCE.  (c) EIS spectra of 

PCE. (d) Arrhenius plot of PCE. The insert is the photo of the laminated PCE.  (e) 

EIS spectra of PCE-LGPS-PCE composite electrolytes. (f) Arrhenius plot of 

PCE-LGPS-PCE composite electrolytes.   

To make the solid-state PCE, 5 mol% lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

was added into SN.  Based on the differential scanning calorimetry (DSC) curves of 

pristine SN (Figure S1), the melting point of SN is 55℃.  The SN become a liquid-like 

solution when heating to 60 ℃ and the LiTFSI salt was completely dissolved (Figure 

9-2a).  When cooling down to room temperature, SN-based PCE becomes a solid 

electrolyte as the melting point of as-prepared PCE is 36 ℃ (Figure 9-S1).   The X-ray 

diffraction (XRD) peaks of LiTFSI are not shown in the XRD pattern of PCE, suggesting 

the LiTFSI was completely dissolved into the SN matrix (Figure 9-2b).  The two sharp 

XRD peaks of PCE are originated from the long-range ordered structure of SN 

molecules.[21]  Figure 9-2c shows the electrochemical impedance spectra (EIS) of PCEs 

at various temperatures.  It can be seen that the impedance decreases as the temperature 

increases, as shown by the Arrhenius plot of PCEs in Figure 2d.  The ionic conductivity 

https://en.wikipedia.org/wiki/Lithium_bis(trifluoromethanesulfonyl)imide
http://www.rroij.com/open-access/differential-scanning-calorimetry-a-review-.php?aid=34700
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of PCEs reaches 1.47 x 10-3 S.cm-1 at 20 ℃.  Li10GeP2S12 (LGPS) was chosen as a 

typical representative of sulfide electrolytes in this study.  The ionic conductivity of 

LGPS at room temperature is 2.76 x 10-3 S.cm-1 (Figure 9-S2) and the particle size of 

LGPS is around several micrometers (Figure 9-S3).  The room temperature ionic 

conductivity of the PCE-LGPS-PCE composite electrolyte is 2.12 × 10-3 S.cm-1 (Figure 

9-2e, 9-2f), showing the negligible decrease in conductivity of the overall solid-state 

electrolytes.   

The chemical compatibility between LGPS and PCE was further investigated.  As 

detected by Raman spectroscopy (Figure 9-S4a), the characteristic peaks of LGPS were 

unchanged after submerging LGPS in SN for 24 hours, indicating that the LGPS is 

chemically stable against SN. Furthermore, XRD was performed to evaluate the phase 

stability of LGPS in SN (Figure 9-S4b).  No new peaks are present in the XRD patterns 

of LGPS after emerging the LGPS pellet in PCE for 24 hours.  In addition, there is no 

significant change in the ionic conductivity within 24 hours, which is confirmed by the 

time-dependent EIS measurement (Figure 9-S5).   
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Figure 9-3 Overpotential of the Li+ plating/stripping of Li symmetric cells.  (a) 

Li/LGPS/Li and Li/PCE-LGPS-PCE/Li at 0.13 mA.cm-2. (b) Voltage profile 

comparison from 100 to 105 hours. (c) rate-performance of Li/PCE-LGPS-PCE/Li at 

various current densities from 0.13 to 0.64 mA.cm-2.  (d) Typical voltage profiles at 

different current density.   

The interfacial stability of LGPS against Li metal was evaluated by symmetric cells.  

Figure 9-3a compares the Li+ plating/stripping behaviors of Li/LGPS/Li and 

Li/PCE-LGPS-PCE/Li symmetric cells within 250 hours at 0.13 mA.cm-2.  After 50 

cycles, the over-potential of Li/LGPS/Li is 750 mV, while the overpotential of 

Li/PCE-LGPS-PCE/Li remains at 40 mV (Figure 9-3b).  The results confirm that using 

the PCE as the interlayer between Li metal and LGPS can suppress significant interfacial 

reactions between LGPS and Li metal.  Furthermore, the Li+ plating/stripping behavior 

of Li/PCE-LGPS-PCE/Li at various current density with the corresponding areal capacity 

is shown in Figure 9-3c.  It can be seen that Li/PCE-LGPS-PCE/Li shows stable cycling 

performance even at 0.64 mA.cm-2 with an areal capacity of 0.64 mAh.cm-2.  Figure 

9-3d displays the Li+ stripping and platting curves at different current densities.  The 

over-potentials of Li/PCE-LGPS-PCE/Li cells are 85 mV and 160 mV under the current 

densities of 0.32 mA.cm-2 and 0.64 mA.cm-2, respectively.  It should be mentioned that 

the rate performance of the symmetrical Li/PCE-LGPS-PCE/Li cells outperforms the 

most results from previous studies,[15b, 15d, 15e, 22], as listed in the Table 9-S1.  In addition, 

the PCE interlayer can also suppress the Li dendrite formation in the glass-ceramic 

Li2S-P2S5 solid electrolytes (Figure 9-S6).  In addition, the interfacial compatibility 

between PCE and Li metal was improved by the introduction of additives LiNO3, which 

was confirmed by SEM, FT-IR, EIS, and XPS characterizations (Figure 9-S7,9- S8, 9-S9, 

and 9-S10).   
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Figure 9-4 Electrochemical performances of ASSLMBs.  (a) Charge-discharge 

curves of LiFePO4/LGPS/Li at 0.1C.  (b) Charge-discharge curves of 

LiFePO4/PCE-LGPS-PCE/Li at 0.1C and 0.5C.  (c) Cycle stabilities of 

LiFePO4/LGPS/Li at 0.1C and LiFePO4/PCE-LGPS-PCE/Li at 0.5C.   (d) 

Charge-discharge curves of PAN-S/LGPS/Li at 0.13 mA.cm-2.  (e) Charge-discharge 
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curves of PAN-S/PCE-LGPS-PCE/Li at 0.13 mA.cm-2.  (f) Cycle stabilities of 

PAN-S/LGPS/Li and PAN-S/PCE-LGPS-PCE/Li at 0.13 mA.cm-2.   

To demonstrate the adoption of Li metal in SE-based all-solid-state lithium batteries, 

LiFePO4 was chosen as the cathode material for this study.   The cathode was fabricated 

by mixing LiFePO4, LGPS, and carbon additives with a weight ratio of 60:34:6.  Further 

details can be found in the Experimental Section.  Without the PCE interlayer, the 

LiFePO4 electrode exhibits a very low capacity of 22 mAh.g-1 and large polarization even 

at a small C-rate of 0.1C (1C=170 mA.g-1) (Figure 9-4a).  Besides, the capacity drops 

very fast in the initial 10 cycles.  The reason is believed to be the serious interfacial 

reactions between LGPS and Li metal and inferior solid-solid contact between SEs and 

LiFePO4.
[11a, 20c]  To eliminate the interference of solid-solid contact in the cathode 

composites, we also added some PCE in cathode composites to ensure good ionic 

contacts between LiFePO4 and SEs.[23]  With the PCE interlayer, the LiFePO4 electrode 

shows the typical charge-discharge curves of LiFePO4 at 0.1C and 0.5C with negligible 

polarization.  The high initial capacity is as high as 148 mAh.g-1 at 0.1C and 131 

mAh.g-1 at 0.5 C (Figure 9-4b), indicating that LiFePO4 electrodes are well infiltrated 

with PCE, thus forming a continuous Li+ conduction pathway.  Figure 9-4c exhibits the 

comparison of the cycling performance of ASSLMB with and without PCE.  With the 

PCE interlayer, the capacity of LiFePO4 is 120 mAh.g-1 after 120 cycles, suggesting that 

interfacial reactions between LGPS and Li metal are completely suppressed.  In addition, 

the good chemical compatibility between PCE and LGPS also guarantees long-term 

cycling stability.   

The Li metal anode is also an essential component in high-energy-density Li-S batteries.  

Here we also demonstrated the all-solid-state Li-S batteries with polyacrylonitrile-sulfur 

(PAN-S) composites.  The reason for choosing PAN-S as the cathode materials is that 

PAN-S does not show the notorious shuttle effect of polysulfides upon cycling,[24] thus 



250 

 

eliminate the effect of lithium polysulfides.  The particle size of PAN-S is around 300 

nm (Figure 9-S11).  The cycling stability of PAN-S was first evaluated with liquid 

carbonate electrolytes,[24] presenting excellent stability at 0.25C (1C=1672 mA.g-1) 

(Figure 9-S12).  Figure 9-4d shows the typical charge-discharge curves of PAN-S 

composites at a current density of 0.13 mA.cm-2.  Obviously, the polarization between 

charge-discharge curves is phenomenal and the capacity decays very fast, which is likely 

due to the inferior contact between PAN-S and LGPS.[25]  In addition, PAN-S particles 

have a severe aggregation phenomenon (Figure 9-S11), which is not beneficial for dry 

mixing with LGPS particles when making a cathode composite.   As a comparison, 

using PCE to fill the porous structure of the cathode, the polarization of the 

charge-discharge plateau become much smaller (Figure 9-4e).  In addition, the initial 

discharge capacity is 1682 mAh.g-1, indicating all the PAN-S particles are surrounded 

with PCE electrolytes.  The discharge capacity from the second cycle is 890 mAh.g-1 

and remains at 775 mAh.g-1 after 100 cycles (Figure 9-4f).  The cycling stability is 

much more stable than PAN-S/LGPS/Li.   
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Figure 9-5 X-ray absorption spectra of LGPS, LGPS on the Li surface after cycling, 

and LGPS with the PCE interlayer after cycling, respectively. (a) P K-edge spectra.  

(b) S K-edge spectra.   

To analyze the interface between LGPS and Li metal, the ASSLMBs were disassembled 

after cycling.  LGPS was analyzed by synchrotron-based X-ray absorption spectroscopy 

(XAS).  Both P K-edge and S K-edge are analyzed.  Interestingly, the P K-edge of 

LGPS-Li interface exhibits a small peak at 2140 eV, which is ascribed to the reduction of 

phosphorus by Li metal (Figure 9-5a).[20b]  In the S K-edge of LGPS-Li (Figure 9-5b), 

the characteristic peaks Li2S were enhanced after cycling, comparing to the standard Li2S 

(Figure 9-S13).  By contrast, with PCE as an interlayer, the P K-edge and S K-edge 

show no change after cycling, which suggests that the reduction of LGPS by Li metal 

could be prevented by using PCE as an interlayer.  In addition, there are no addition 

peaks detected, again showing that LGPS should be stable against PCE, which is 

consistent with the Raman and XRD results discussed above.   
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Figure 9-6 X-ray photoelectron spectroscopy of the LGPS on the Li surface after 

cycling (a, c, e) and the LGPS with the PCE interface after cycling (b, d, f), 

respectively.  (a, b) S 2p spectra.  (c,d) P 2p spectra. (e,f) Ge 3d spectra.   

Furthermore, XPS was performed to inspect the interfacial reactions between LGPS and 

Li metal.  Figure 9-6a exhibits the S 2p spectra of the LGPS-Li interface after cycling, 

where the peak at 160.8 eV can be assigned to Li2S.[20b, 26], indicating that the sulfur of 

LGPS is reduced by Li metal.  In addition, a pair of peaks at 163.2 eV was detected, 

which is resulted from the structural evolution of LGPS during cycling.[27]  In 

comparison, LGPS-PCE-Li only presents a PS4
3- peaks at 161.02eV (Figure 9-6b), which 

is exactly the same as the S 2p spectra of pristine LGPS (Figure S14), indicating that 

LGPS does not undergo any structural and/or valency-state changes when using PCE as 

an interlayer. P 2p spectra were analyzed.  It should be noted that the P 2p peaks of 

reduced phosphorus species (e.g. Li3P) are overlapped with the peaks of Ge 3p, which 

may interfere with the identification of reduced phosphorus compounds (Figure 9-6c).[20a, 

20c, 28]  XPS spectra of Ge 3d of LGPS-Li and LGPS-PCE-Li after cycling are also 

investigated (Figure 9-6e and Figure 9-6f).  Ge at the LGPS-Li interface was reduced 

by Li metal after cycling, while Ge4+ was well kept in the LGPS-PCE-Li interface.  

These results prove that LGPS was decomposed into Li2S, reduced P, and reduced Ge 

during the cycling if directly contacting with Li metal.[20c]  The decomposition or 

reduction of LGPS by Li metal can be prevented by adopting the PCE interlayer, enabling 

the successful adoption of Li metal in high-energy-density all-solid-state lithium batteries.    

9.4 Conclusion 

In summary, we report a PCE interlayer to address the interface challenge between sulfide 

electrolytes and Li metal, leading to significant progress towards achieving 

high-energy-density ASSLMs.  Using the PCE as an interlayer at the interface between 
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Li metal and SEs, the significant interfacial reactions between SEs and Li metal are 

suppressed.  As a result, ASSLMBs based on Li metal and LiFePO4 exhibit a high initial 

capacity of 148 mAh.g-1 at 0.1 C and 131 mAh.g-1 at 0.5 C (1C=170 mA.g-1), which 

remains 122 mAh.g-1 after 120 cycles at 0.5C.  In addition, all-solid-state Li-S batteries 

based on polyacrylonitrile-sulfur composites are also demonstrated, showing an initial 

capacity of 1682 mAh g-1.  The second discharge capacity of 890 mAh.g-1, which keeps 

at 775 mAh.g-1 after 100 cycles.  The decay rate of the specific capacity is as low as 

0.14%.  This work provides a new strategy to address interfacial challenges between Li 

metal and sulfide electrolytes, enabling the successful adoption of Li metal anodes in 

all-solid-state lithium batteries toward next-generation safe and high-energy-density 

energy storage systems.   
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9.7 Supporting Information 

 

Figure 9-S1. DSC curves of succinonitrile (SN) and as-prepared PCE.  The melting 

point of succinonitrile (SN) is 55℃, while that of as-prepared PCE is 36℃, which is still 

higher than ambient temperature (20~25℃).   

 

 

Figure 9-S2. (a) EIS Spectra of LGPS pellets with a thickness of 1 µm at various 

temperatures. (b) The Arrhenius plot of LGPS pellets. The room temperature ionic 

conductivity of LGPS is 2.76 ×10-3 S.cm-1.  
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Figure 9-S3. (a,b) SEM image of LGPS at different magnifications.  

 

Figure 9-S4. (a) Raman spectra of LGPS and LGPS in PCE after 24 hours. (b) XRD 

pattern of LGPS and LGPS in PCE after 24 hours.  
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Figure 9-S5. The time-dependent EIS spectra of SS/PCE-LGPS-PCE/SS within 24 hours.  

SS stands for the stainless-steel current collector.  

 

Table 9-S1. The comparison of the electrochemical performance of symmetric cells. 

Current density 

(mA.cm-2) 

Cycling Capacity 

(mAh.cm-2) 

Polarization 

voltage (mV) 

Solid 

Electrolyte 

Reference 

0.1 0.1 ~500 mV Li10SnP2S12 

Nano Energy, 2018, 53, 

168-174.[1] 

0.1 0.05 50 mV Li10GeP2S12 

ACS Appl. Mater. Interfaces 

2017, 10, 2556-2565.[2] 

0.1 0.2 57 mV Li10GeP2S12 Angew. Chem. Int. Ed. 2018, 
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57, 13608-13612.[3] 

0.1 0.1 50 mV 

Li10GeP2S12 (at 

60 ºC) 

J. Mater. Chem. A 2017, 5, 

16984.[4] 

0.13 0.13 50~60 mV 

Li10GeP2S12 This  work 

0.64 0.64 100 ~ 150 mV 

 

 

Figure 9-S6 Li+ platting/stripping behavior of Li/Li7P3S11/Li and 

Li/PCE-Li7P3S11-PCE/Li symmetric cells at a current density of 0.13 mA.cm-2 with an 

areal capacity of 0.13 mAh.cm-2.  

 

 

Figure 9-S7 Li+ platting/stripping behavior of Li/PCE/Li and Li/ PCE (with LiNO3)/Li 

symmetric cells at a current density of 0.13 mA.cm-2 with an areal capacity of 0.13 

mAh.cm-2. 
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The over-potential of Li/PCE/Li symmetrical cells increases after 45 hours, which hints 

that there are interfacial reactions between SN and Li metal, forming a resistive layer at 

the Li metal interface.[5]  Interestingly, when a trace amount of LiNO3 was introduced 

into the PCE, the over-potential for Li+ plating/stripping remains stable upon cycling, 

indicating that LiNO3 additives can stabilize the interface between SN and Li metal.   

 

Figure 9-S8.  (a) The photo of PCE and Li metal after 20 cycles.  (b) FT-IR spectra of 

pristine SN, LiTFSI, SN+LiTFSI, SN+LiTFSI+LiNO3 (PCE), SN+LiTFSI layer after 20 

cycles, and SN+LiTFSI+LiNO3 (PCE) layer after 20 cycles. (c, d, e) SEM images of Li 

metal surface without LiNO3 additives after 20 cycles.  (f, h, i) SEM images of Li metal 
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surface with LiNO3 additives after 20 cycles. 

To understand the interfacial stability between PCE and Li metal, the post-cycling 

analysis was conducted.  As detected by EIS (Figure S9a, S9b), the interfacial resistance 

of Li/SN+LiTFSI/Li after cycling increases to over 10000 ohms.  By contrast, the 

interfacial resistance of Li/SN+LiTFSI+LiNO3/Li is around 420 ohms (Figure S9c,d), 

suggesting that SN+LiTFSI with LiNO3 is compatible with Li metal.  What is more, the 

color of the PCE layer without LiNO3 and Li metal surface was changed significantly 

after cycling (Figure 9-S8a), which is due to the corrosion reactions or the 

polymerization of nitriles catalyzed by Li metal.[5-6]  Amazingly, the color of the PCE 

layer with LiNO3 and Li metal surface after cycling were remained, suggesting that the 

LiNO3 can stabilize the interface between Li metal and PCE.  Considering that the SN is 

an organic molecule (N≡C-CH2-CH2-C≡N), Fourier-transform infrared spectroscopy 

(FT-IR) is a good technique to characterize the interface change.  As revealed in Figure 

9-S8b,  963 cm−1 (C-CN, gauche), 1004 cm−1 (CH2, gauche), 1426 cm−1 (CH2, stretching, 

trans), and 2254 cm−1 (C≡N stretching, gauche and trans) are observed, which is from the 

SN molecules and well in accordance with previously reported results.[7]  For the pure 

LiTFSI, the typical peaks of SO3 and CF3 are shown at 1356 cm-1 and 1195 cm-1, 

respectively.[8]  PCE spectrum is combined with that of pristine SN and LiTFSI, and no 

additional peaks are detected, suggesting that there are no chemical reactions between SN, 

LiTFSI, and LiNO3.  However, there are two new peaks (2195 cm-1 and 1540 cm-1) 

observed in the PCE layer without LiNO3 after cycling, which are associated with the 

corrosion reactions or the polymerization of nitriles at the interface.  Interestingly, these 

two peaks do not show up in PCE layers after cycling when adding LiNO3 additives, 

confirming that the interfacial reactions between Li metal and SN can be suppressed by 

the addition of LiNO3.  Furthermore, SEM was performed to check the morphology of 

the Li metal surface after cycling.  Without the LiNO3 additives, the Li metal surface 

shows a lot of cracks and mossy Li dendrites after cycling, as shown in Figure 9-S8(c, d, 
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e),  Interestingly, Li metal surface is very smooth and covered by a lot of small particles 

when adding LiNO3 into PCE Figure 9-S8(f, h, i), which is associated with the uniform 

deposition of Li.[9]  Furthermore, X-ray photoelectron spectroscopy (XPS) results that 

solid electrolyte interphase was formed on the Li metal surface after cycling, which is 

consisted of organic compounds and lithium salts (Figure 9-S10).  These results 

undoubtedly demonstrated that the interfacial reactions between SN and Li metal can be 

suppressed by the formation of a passivation layer on the Li metal surface.   
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Figure 9-S9 EIS spectra of Li/SN+LiTFSI/Li symmetric cells without LiNO3 additives 

before cycling (a) and after cycling 100 hours (b).  EIS spectra of Li/PCE/Li symmetric 

cells with LiNO3 additives before cycling (c) and after 100 hours (d).   

 

Figure 9-S10 XPS spectra of F 1s, N 1s (b), C 1s (c), and S 2p. (a-d) Li metal against the 

PCE without LiNO3 after cycling.  (e-h) Li metal against the PCE with LiNO3 additives 

after cycling.  Obviously, the SEI layer consists of inorganic lithium salts and organic 

compounds.  Comparing the N 1s spectra, R2NO- compounds are formed on the Li 

metal surface when adding LiNO3, which is due to the reactions between Li metal and 

LiNO3
[10].   
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Figure 9-S11 SEM image of PAN-S composites.  

 

Figure 9-S12 Cyclability of PAN-S(1:2) at the current density of 418 mA.g-1 (0.25C). 

 

Figure 9-S13 XAS spectra of commercial Li2S powder and Li-LGPS-Li interface after 

cycling.   
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Figure 9-S14 The XPS spectra of pristine Li10GeP2S12. (a) Li 1s. (b) Ge 3d.  (c) P 2p.  

(d) S 2p.   

 

 

Figure 9-S15. (a) Image of PCE pellets. (b) The thickness measurement of the PCE layer.  
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(c) the image of Li10GeP2S12 pellets. (d) the thickness measurement of Li10GeP2S12 

pellets.   
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Chapter 10 

10. Boosting the Performance of Lithium Batteries with 

Solid-Liquid Hybrid Electrolytes: Interfacial Properties and 

Effects of Liquid Electrolytes*  

Solid-state lithium batteries have attracted significant attention recently due to their 

superior safety and energy density.  Nevertheless, the large interfacial resistance has 

limited the development of SSLBs.  To tackle this problem, a general strategy is to add 

liquid electrolytes (LE) at the interface to form a solid-liquid hybrid electrolyte.  

However, the effects and interfacial properties of LE in the solid-liquid hybrid electrolyte 

have not been well-understood.  In this work, we quantitatively add LE at the interface 

to eliminate the large interfacial resistance and study its interfacial properties.  As little 

as 2 µl of LE at the interface enables a hybrid LiFePO4\LATP\Li battery to deliver a 

specific capacity of 125 mAh g-1 at 1C and 98 mAh g-1 at 4C.  Excess LE has no further 

contribution to the electrochemical performance.  Furthermore, the rigid SSE could 

suppress the formation of lithium dendrites, especially in the case with a high cathode 

loading (9.1 mg/cm2), suggesting the feasibility of high energy density SSLBs using Li 

metal anodes.  The interfacial analysis reveals that an interfacial solid-liquid electrolyte 

interphase (SLEI) was formed at the interface, preventing the reduction of LATP by Li 

metal, thus ensuring the long-term durability of LATP in LE.   

 

 

 

*Note: This work has been published in Nano Energy.  

Changhong Wang, Qian Sun, Yulong Liu, Yang Zhao, Xia Li, Xiaoting Lin, 

Mohammad Norouzi Banis, Minsi Li, Weihan Li, Keegan R Adair, Dawei Wang, 

Jianneng Liang, Ruying Li, Li Zhang, Rong Yang, Shigang Lu, Xueliang Sun. Boosting 

the performance of lithium batteries with solid-liquid hybrid electrolytes: Interfacial 

properties and effects of liquid electrolytes, Nano Energy, 2018, 48, 35-43. 
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10.1 Introduction 

Solid-state lithium batteries (SSLBs) have attracted great interest recently due to their 

advantageous energy density and intrinsic safety, which can be realized through the use of 

lithium metal anodes and solid-state electrolytes (SSEs).[1, 2]  To achieve an SSLB, the 

flammable liquid electrolyte (LE) and separator are replaced by SSEs.  Currently, there 

are three categories of SSEs under development: oxide electrolytes, sulfide electrolytes, 

and polymer electrolytes.[1, 3-5]  Compared with sulfide and polymer electrolytes, 

oxide electrolytes show great potential due to their unique characteristics, such as 

satisfactory ionic conductivity (nearly 10-3 S/cm), good air stability, low toxicity, and low 

cost.[5-7]  However, there are three key challenges impeding the development of oxide 

electrolyte-based SSLBs.  The first challenge is the large interfacial resistance 

originating from the poor contact between solid-state electrolytes and electrodes.  The 

second challenge is the limited lithium-ion (Li+) flux inside the electrodes, which arises 

from the poor contact between particles.  The third issue is the chemical instability 

exhibited by the reduction and oxidation of oxide electrolytes by Li metal and 

high-voltage cathodes, respectively.[8-10]   

Over the past decades, several attempts have been made to address the challenges faced 

by SSLBs, including (i) co-sintering of active materials with solid-state oxide electrolytes, 

where some additives, which generally have a low melting point, are employed as a 

sintering aid to form good contact between electrodes and electrolytes;[11, 12] (ii) the 

development of oxide-polymer (or plastic crystal) hybrid electrolytes, in which improved 

physical contact between electrodes and electrolytes can be achieved. However, they 

normally operate at an elevated temperature;[13-16]  (iii) solid-liquid hybrid electrolytes, 

which utilize the wettability of liquid electrolytes to minimize the large contact resistance 

at the interfaces.  Among these options, the use of solid-liquid hybrid electrolytes is one 

of the most feasible approaches for the development of lithium batteries.  For instance, 
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by employing solid-liquid hybrid electrolytes, the plaguing shuttling effect of soluble 

intermediates in Li-S and Li-Se batteries can be eliminated.[17, 18] Furthermore, 

solid-liquid hybrid electrolytes have been demonstrated to suppress the parasitic side 

reactions in Li-O2 batteries.[19]  However, the effects and interfacial properties of LE in 

solid-liquid hybrid electrolyte systems have not been well-understood.   

In this work, a quantitative investigation on the volume of LE in solid-liquid hybrid 

electrolytes was performed and the interfacial properties of LE in the lithium batteries 

were performed.  A hybrid lithium battery consists of LiFePO4 as the cathode, a 

glass-ceramic Li1.4Al0.4Ti1.6(PO4)3 (GC-LATP)/liquid electrolyte (LiPF6 in EC/DMC/DEC) 

as the hybrid electrolyte and Li metal as the anode.  As a result, the hybrid lithium 

battery can deliver impressive electrochemical performances, which are even comparable 

with those of their LE-based counterparts.  It was found that the formation of an 

interfacial solid-liquid electrolyte interphase (SLEI) on the surface of GC-LATP prevents 

the reduction of GC-LATP by Li metal and enables the long-term electrochemical 

durability of GC-LATP in the LE.  In addition, the robust SE could suppress the growth 

of lithium dendrites upon cycling, especially in the case with a high cathode loading (9.1 

mg.cm-2), which suggests the feasibility of Li metal in SSLBs with improved safety and 

high energy density.  This investigation can provide great insights into the solid-liquid 

hybrid electrolytes for lithium-ion batteries with improved safety and energy density.   

10.2. Experimental Section 

10.2.1 Synthesis of LATP and Glass-ceramic LATP  

Analytical reagent-grade chemicals of Li2CO3, Al2O3, TiO2, and (NH4)2HPO4 were used 

as starting materials.  Stoichiometric quantities of starting materials were weighed and 

placed in agate jars.  To compensate for the volatility of lithium during the 
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high-temperature annealing process, an excess amount of Li2CO3 was added. Ball milling 

was conducted with ZrO2 balls and a mass ratio of starting materials: balls of 1:10. 

Anhydrous ethanol was used as a solvent for wet ball milling.  The powders were mixed 

by planetary ball milling for 2 hours at 300 rpm followed by collecting the mixture in a 

beaker.  After drying in a vacuum oven, the powder was transfer to an alumina crucible 

and heated at 700°C for 2h in the air.  Then the LATP precursor was obtained by 

grinding the products with a pestle and mortar.  To obtain crystalline LATP, the LATP 

precursor was compressed into a pellet with a diameter of 1/2 inch.  Then the pellet was 

post-annealed at 960°C for 6 hours in the air.  The annealed pellets were denoted as 

LATP for this study.  To obtain the glass-ceramic LATP (GC-LATP), the LATP 

precursor was first mechanically milled at 500 rpm for 80 hours.  The mass ratio of the 

LATP powder and balls was 1:20. After the mechanical ball milling, the LATP powder 

was amorphized and pressed into a pellet.  Finally, the pellet was sintered at 960°C for 6 

hours in the air.  The pellet was named as GC-LATP for this study.   

10.2.2 Materials Characterizations 

XRD patterns were recorded using a Bruker D8 diffractometer, using Cu Kα radiation.  

XPS was recorded using Thermo Scientific ESCALAB 250Xi with Al Kα-radiation. The 

pressure in the analysis chamber was typically 2 ×10-9 torr during acquisition.  Raman 

spectra were collected using the laser with a wavelength of 532 nm.  To measure the 

ionic conductivity of LATP pellets and GC-LATP pellets, gold electrodes were coated on 

the pellets by sputtering.   

10.2.3 Electrochemical Measurements 

LiFePO4 was mixed with acetylene black, and PVDF with a mass ratio of 80:10:10 with 

N-Methyl pyrrolidone (NMP) as a solvent.  The paste was coated with an aluminum foil 
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and dried at 110 °C overnight.  Then the LiFePO4 was cut into a disc with a diameter of 

10 mm and as the cathode.  The regular mass loading of LiFePO4 is 1.5~2 mg/cm2.  

The LiCoO2 cathode was also prepared with the same procedure. The electrochemical 

performances of the LiFePO4 were tested in a coil cell (type CR-2032) assembled in an 

argon-filled glove box with both moisture and oxygen contents below 1 ppm.  Glass 

ceramic LATP pellets with a thickness of (150~250 μm) were put between the LiFePO4 

cathode and the lithium metal anode. Different volumes of the liquid electrolyte (1M 

LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) 

with a volume ratio of 1:1:1), was added at the interfaces between electrodes and the 

LATP pellet, such as 5 μl, 2 μl, and 1 μl at each interface.  A pipette with a metrological 

range from 0.5 μl to 10 μl was used to quantify the volume of the LE.  For comparison, a 

cell with a LiFePO4 cathode was also assembled with 300 μL liquid electrolyte.  The 

cut-off voltages were set from 2.5 V to 4.1 V.  Electrochemical impedance analysis was 

performed on a biologic electrochemical station with a frequency range from 500 kHz to 

100 MHz with an amplitude of 10 mV.  All the batteries were tested on the LAND 

system at room temperature.   
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10.3 Results and Discussion 

 

Figure 10-1 Schematic diagram of 3D continuous Li+ ion flux. (a) Illustration of 

lithium-ion and electron fluxes inside the conventional cathode.  (b) A trace amount 

of LE was added to both sides of the SE, filling the pores within the cathode as well as 

wetting the Li metal surface. 

Figure 10-1 shows a schematic diagram of the strategy used to attenuate the interfacial 

resistance of SSLBs.  The conventional cathode, which consists of active materials, 

conductive agents, and polymeric binder, is directly coupled with a solid-state electrolyte 

(SSE) and metallic Li anode, as shown in Figure 10-1(a).  Due to the poor contact 

between the SSE and electrode surfaces, the Li+ flux becomes inhibited and limits the 

electrochemical performance.  However, using a trace amount of LE to wet the interface 

can minimize the interfacial resistance between the electrodes and SSE.  Meanwhile, the 

LE can infiltrate the pores of the cathode, enabling a three-dimensional (3D) continuous 

Li+ flux with additional solid-liquid contact, as shown in Figure 10-1(b).  In addition, 

the addition of LE can induce the formation of an interfacial solid-liquid electrolyte 

interface (SLEI) on the surface of the solid electrolyte, which can serve as a buffer layer 
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to prevent the reduction of solid electrolytes by Li metal, ensuring the long-term 

durability of the SSE in LE.[8]   

 

Figure 10-2 Comparison between LATP and GC-LATP.  (a) the SEM image of the 

LATP precursor after annealing (700 ℃, 2 hours).  (b) the SEM image of the 

GC-LATP precursor after mechanical milling for 80 hours.  (c) the SEM image of 

the LATP pellet after post-annealing (960 ℃, 6 hours).  (d) the SEM image of the 

GC-LATP pellet after post-annealing (960 ℃, 6 hours).  (e) XRD spectra of LATP 

precursors with different ball-milling time.  (f) XRD spectra of LATP and 

GC-LATP pellets after post-annealing (960 ℃, 6 hours).   
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To examine the effects of LE in solid-liquid hybrid electrolytes, the oxide electrolyte 

Li1.4Al0.4Ti1.6(PO4)3 with a NASICON (acronym for sodium (Na) Super Ionic 

CONductors) structure was picked due its high ionic conductivity, wide electrochemical 

window, moderate sintering temperature, and good air stability.[20-22]  As reported by 

Fu et al., LATP shows a bulk conductivity of 1.3 × 10-3 S.cm-1 at room temperature.[21]  

However, it is widely acknowledged that the large grain boundary resistance of LATP 

limits its overall ionic conductivity.  To resolve this issue, glass-ceramic LATP was 

synthesized by mechanical milling to minimize the grain boundary resistance.[23]  The 

synthesis procedure is described in the experimental section.  Briefly, upon thermal 

annealing at 700℃, the LATP precursors can be seen to yield large particles in the 

micrometer size domain, as presented in Figure 10-2(a).  With mechanical milling, 

which is known as a vitrification process, the particle size could be reduced, as shown in 

Figure 10-2(b).  This sample is denoted as GC-LATP in the following discussion.   

After pelletizing the precursors followed by post-annealing at 960℃for 6 hours, LATP 

pellets show a significant amount of pores on the surface, as displayed in Figure 10-2(c) 

and Figure 10-S1.  In contrast, the GC-LATP pellets have a densely-packed structure 

without pores on the surface, as demonstrated in Figure 10-2(d) and Figure 10-S1.  The 

densified structure of GC-LATP is due to the amorphization of the precursors during the 

vitrification process, as evidenced by the XRD patterns in Figure 10-2(e).  After 

post-annealing, both LATP and glass-ceramic LATP show the high-purity LiTi2(PO4)3 

phase, as exhibited in Figure 10-2(f).  It should be noted that a 10% excess of Li2CO3 

was added to complement the volatile loss of the lithium sources during the 

post-annealing process. Otherwise, some impurities, such as AlPO4,[23] Li4P2O7,[24]  

will form in LATP, as depicted in the XRD patterns in Figure S2.  It should be 

highlighted that the LATP precursors still show pure phases even with the scale-up 

process, as demonstrated in Figure S3, indicating the feasibility of the mass production of 

LATP precursors. 
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To evaluate the ionic conductivity of the as-synthesized LATP, gold electrodes were 

coated on both sides of the LATP pellets by magnetron sputtering.  GC-LATP shows an 

ionic conductivity of 4.1 × 10-4 S cm-1 at room temperature, which is almost one order of 

magnitude higher than that of LATP (6.1 × 10-5 S cm-1), as exhibited in Figure 10-S4(a).  

To obtain their activation energies, the temperature-dependent impedance analysis of 

LATP pellets was examined by varying the temperature from 20℃ to 100℃ (Figure 

10-S4(c) and Figure 10-S4(d)).  According to the Arrhenius equation, 

σ(T)=σ0.exp(-Ea/kBT), where Ea is the activation energy, T is the temperature, kB is the 

Boltzmann constant,  the activation energies of LATP and GC-LATP are 27.88 kJ.mol-1 

and 27.27 kJ.mol-1, respectively, as shown in Figure 10-S4(b), which are in a good 

agreement with the results reported in the references.[23, 25]  For the following study, 

GC-LATP was selected due to its higher ionic conductivity and lower activation energy 

as well as increased density, in comparison with those of LATP.   
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Figure 10-3 Chemical compatibility of GC-LATP in carbonate liquid electrolytes.  

(a) Comparison of XRD patterns of GC-LATP pellets before and after being soaking 

in LE for one week.  (b) Comparison of Raman spectra of GC-LATP pellets before 

and after being soaking in LE for one week.  (c) Al K-edge and (d) Ti L-edge 

XANES spectra recorded in the FLY mode and (e) Al K-edge & (f) Ti L-edge 

XANES spectra recorded in the TEY mode of GC-LATP pellets before and after 

being soaking in LE for one week.  

In addition to the high ionic conductivity of the SSEs, the chemical stability of the SE in 

LE is another important factor for solid-liquid hybrid electrolytes.[9, 26]  To reveal the 
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chemical stability of GC-LATP in LE, the GC-LATP was soaked in the conventional 

liquid electrolyte of 1M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate 

(DMC)/diethyl carbonate (DEC) with a volume ratio of 1:1:1.  After one week, there is 

no visible change in color of the LE, as shown in Figure S5.  From the XRD patterns of 

GC-LATP presented in Figure 10-3(a), the LiTi2(PO4)3 phase was well maintained, 

indicating that GC-LATP is structurally stable in the LE.  Figure 10-3(b) exhibits the 

Raman spectra of the GC-LATP and shows several strong Raman bands appearing in the 

ranges of 150–500 and 900–1300 cm−1.  The bands in the range of 150–500 cm−1 should 

be assigned to symmetrical bending vibrations of PO4 groups, while those in 900–1100 

and 1100–1300 cm−1 should be ascribed to the stretching vibrations of PO3 and PO2 units, 

respectively.[27]  Again, no new peaks were detected by Raman spectroscopy after 

soaking off the GC-LATP in the LE for one week, which suggests that the GC-LATP is 

chemically stable towards common carbonate electrolytes.   

To further explore the chemical states of GC-LATP, the normalized Al K-edge and Ti 

L-edge X-ray absorption near-edge structure (XANES) spectra were examined before and 

after soaking in LE for one week. Figure 10-3(c-d) and Figure 10-3(e-f) show the 

XANES spectra recorded in the fluorescence yield (FLY) and total electron yield (TEY) 

modes, respectively.  Based on the different probe depths in measurement modes ( ~100 

nm in the FLY mode and ~10 nm in the TEY mode), the chemical states of the bulk and 

surface regions of GC-LATP can be obtained in FLY and TEY, respectively.[28]  No 

peak shift and shape variation of the Al K-edge was found in the spectra measured in 

FLY mode, as displayed in Figure 10-3(c), further verifying that the bulk of GC-LATP is 

chemically stable in the LE.  In comparison, the XANES spectra of the Al K-edge 

measured in TEY mode showed obvious changes in peak shape (Figure 10-3(e)), 

indicating that AlF3 is probably formed on the GC-LATP surface.[29, 30]  This 

conclusion was further confirmed by the F K-edge XANES spectra in Figure 10-S6, 

which also suggests the formation of AlF3 on the surface. Interestingly, no change was 
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observed in the Ti L-edge spectra measured in both TEY and FLY modes, as shown in 

Figure 10-3(d) and Figure10-3(f).  By combining the bulk and interfacial data observed 

by the XANES spectra, it can be concluded that GC-LATP is stable in carbonate-based 

liquid electrolytes, which is likely caused by the formation of a passivating AlF3 layer on 

the surface.  It has been previously reported that the electrochemical performance of 

hybrid-SSLBs is highly dependent on good chemical compatibility between the SSE and 

LE.[9, 26, 31]  Furthermore, the long-term durability of GC-LATP in LE is a 

prerequisite to enable the commercialization of SSLBs with satisfactory electrochemical 

performance.   

 

Figure 10-4 Electrochemical performances of LiFePO4-based quasi-solid-state 

lithium-ion batteries employing GC-LATP\LE hybrid electrolytes.  (a) 
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Charge-discharge curves of LiFePO4 at 0.1 C, (1 C = 170 mA.g-1).  (b) Rate 

performance of LiFePO4 at various current densities ranging from 0.1 C to 4 C.  (c) 

Long-term cycling performance of LiFePO4 with quantified volume of LE at a 

current density of 1C.  (d) The cycling performance of high areal loading LiFePO4 

cathodes in conventional LE and GC-LATP\LE hybrid electrolytes.   

 

Employing a GC-LATP\LE hybrid electrolyte, LiFePO4-based lithium batteries were 

fabricated and tested electrochemically.  For the first time, how the volume of LE used 

to wet the SE/electrode surface affects the electrochemical performance of quasi-SSLBs 

and the formation of the SLEI was investigated.  Figure 10-4(a) shows the initial 

charge-discharge curves of the lithium batteries employing GC-LATP\LE hybrid 

electrolytes with different volumes of LE，which is cycled at 0.1C (1C=170 mA g-1).  In 

the case of 1 µL of LE, the LiFePO4 only delivers a specific capacity of 91 mAh g-1, 

which suggests that 1 µL of LE is incapable of completely wetting the cathode.  From 

the EIS results shown in Figure 10-S7, the interfacial resistance of the cell containing 1 

µL LE is almost 1000 Ω.  By increasing the volume of LE to 2 µl, the interfacial 

resistance decreases to 275 Ω.  The LiFePO4 shows a specific capacity of 134 mAh g-1 at 

0.1C and an initial Coulombic efficiency of 82.8%, which is only slightly lower than that 

of their LE-based counterparts (138 mAh g-1, 89.6% Coulombic efficiency).  This may 

be caused by the formation of a solid-liquid electrolyte interphase (SLEI) on the surface 

of GC-LATP.[8, 32]  In our case, 2 µL of LE is the minimum volume required to enable 

fully functional lithium batteries with solid-liquid hybrid electrolytes.  Figure 10-4(b) 

shows the rate performance of LiFePO4 employing the GC-LATP\LE hybrid electrolyte 

(2 µl) and conventional LE at different current densities varying from 0.1C to 4C. 

Furthermore, their corresponding charge-discharge curves are presented in Figures 

10-S8(a) and Figure 10-S8(b).  It is surprising that the LiFePO4 delivers a specific 
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capacity of 98 mAh g-1 even at the rate of 4 C, which is comparable to the performance of 

the LE-based counterparts.  The decrease in specific capacity at high rates is caused by 

the larger internal resistance of the lithium batteries with solid-liquid hybrid electrolytes.  

This observation is supported by Figure 10-S7(a), where the overall resistance of 

LiFePO4 in the LE is seen to be 169 Ω, which is lower than that of the GC-LATP\LE 

hybrid electrolyte (275 Ω).  Moreover, Figure 10-4(c) displays the extended cycling of 

LiFePO4 with the GC-LATP\LE (2 µL) hybrid electrolyte and yields a specific capacity 

of 125 mAh g-1 at 1C, which remains as high as 115 mAh g-1 after 500 cycles.  The 

hybrid-SSLBs with as little as 2 µl LE show extremely stable cycling performance with a 

low capacity decay rate of 0.0167% per cycle. Comparatively, the LiFePO4 in 

conventional LE delivers a specific capacity of 127 mAh g-1 at 1C and maintains a 

capacity of 125 mAh g-1 after 500 cycles with a capacity decay rate of 0.0032%.  

Compared to 2 µL of LE,  5µL of LE shows no further contribution to the overall 

specific capacity but decreases the energy density of hybrid-SSLBs in practice.  

However, in the case of the hybrid cells with 1µL LE, the specific capacity is only 68 

mAh g-1, which confirms the incomplete wetting of the cathode again.   

To obtain high energy density hybrid-SSLBs, cathodes with a high active material 

loading are required.  As demonstrated in Figure 10-4(d), the specific capacity of 

LiFePO4 with high active material loadings (over 9 mg cm-2) in the conventional LE 

decreases gradually after 50 cycles.  The reason for the capacity fade is believed to be 

the formation of mossy lithium and/or dendrites due to a large amount of deposited Li 

metal associated with high loading cathodes.[33]  Employing the GC-LATP\LE hybrid 

electrolytes (2μL), high-loading LiFePO4 (9.1 mg.cm-2) delivers a stable specific capacity 

of 100 mAh g-1 over 100 cycles at 1C (1C=170 mA.g-1).  Similarly, using GC-LATP\LE 

hybrid electrolytes (5μL), high-loading  LiFePO4 (9.5 mg.cm-2) delivers a stable specific 

capacity of 120 mAh g-1 over 100 cycles at 1C. Both cases suggest that the lithium 

dendrites could be suppressed by the rigid GC-LATP, improving the safety of SSLBs.  
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To show the universal application of the GC-LATP\LE hybrid electrolyte, the hybrid 

system was also applied to LiCoO2 cathodes, which exhibits an ultra-long cycle stability 

over 700 cycles as displayed in Figure 10-S9.  To the best of our knowledge, the 

electrochemical performance of the hybrid-SSLBs in this study is superior to the 

previously reported literature, [2, 6, 9, 13, 31], especially in terms of cyclability and rate 

performance.   

 

Figure 10-5 Evaluation of the GC-LATP and Li metal interface stability.  (a) 

Electrochemical impedance spectra of the symmetric cell with a structure of 

Li\GC-LATP\Li.  (b) Electrochemical impedance spectra of the symmetric cell with 

a structure of Li\LE\GC-LATP\LE\Li.  The volume of LE is 2 μL.  (c) 

Comparison of the plating/stripping profiles between Li\GC-LATP\Li and 

Li\LE\GC-LATP\LE\Li symmetric cells.  (d) The voltage profile of 

Li\LE\GC-LATP\LE\Li symmetric cells.  (e) The voltage profile of Li\GC-LATP\Li 

symmetric cells.   
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To reveal the underlying mechanism for improved performance and cycling stability, a 

qualitative analysis was further conducted.  Firstly, symmetric cells with a structure of 

Li\GC-LATP\Li were constructed to investigate the interfacial stability between 

glass-ceramic LATP and Li metal. The typical Nyquist plot of Li\GC-LATP\Li is 

characterized by a high-frequency semicircle and a finite-length Warburg impedance at 

low frequencies, as exhibited in Figure 10-5(a), which indicates the formation of a mixed 

ion-electron conductor at the interface.[34] The equivalent circuit is shown in Figure 

10-S10(a). The Nyquist plot as a function of time reveals the interfacial resistance 

between GC-LATP and Li metal continuously grows from 4470 Ω to 12983 Ω over a 

period of 24 h, indicating significant interfacial reactions.  The increasing interfacial 

resistance originates from the reduction of GC-LATP, forming new phases, such as Ti3P, 

TiAl, Li3P, and Li2O, which are supported by first-principles studies.[10, 35]  In the case 

of Li\LE\GC-LATP\LE\Li, the Nyquist plot is dominated by two semicircles, which is 

typical for a formation of ion-conducting SLEI (SEI, acronym for solid-liquid electrolyte 

interphase) at the interface between LATP and Li.[34]  The corresponding equivalent 

circuits are shown in Figure 10-S10(b), in which the first semicircle at high frequency 

represents the resistance of LATP grain (Rg).  The Rint||CPE2 element represents the 

ion migration in the SLEI layer and dielectric capacitance of the SEI layer. 

Comparatively, the large interfacial resistance is dramatically minimized through the use 

of trace amounts of LE to wet the interface between glass-ceramic LATP and Li metal.  

As displayed in Figure 5(b), the interfacial resistance decreases to 90 Ω after wetting 

with 2 µL of LE, which is almost 50 times lower than the original resistance (4470 Ω).  

Figure 10-5(c) presents the plating/stripping profiles of lithium of Li\GC-LATP\Li and 

Li\LE\GC-LATP\LE\Li symmetric cells, showing that the large overpotential (~10 V) of 

Li\GC-LATP\Li cells could be decreased significantly to 40 mV by adding as little as 2 

μL LE on the surface between GC-LATP and Li metal.   Figure 10-5(d) and Figure 

10-5(e) shows the galvanostatic cycling of Li\LE\GC-LATP\LE\Li and Li\GC-LATP\Li 
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cells, respectively.  After adding 2 μL LE at the interface, the overpotential of Li 

nucleation is completely eliminated.[36]  The separated cycling initial voltage profiles of 

Li\LE\GC-LATP\LE\Li and Li\GC-LATP\Li cells are presented in Figure 10-S11. The 

symmetric cell illustrates that the Li plating/stripping profiles of Li\LE\GC-LATP\LE\Li 

and Li\GC-LATP\Li cells are completely different, indicating that the underlying 

mechanism of Li plating/stripping based on SE is different from that in conventional 

LE.[36-38]  Further studies are required to fully understand this phenomenon.   

 

Figure 10-6 X-ray photoelectron spectra of GC-LATP pellets before and after 

electrochemical cycling.  (a)  Ti 2p.  (b) P 2p.  (c) C 1s.  (d) F 1s.  Top: before 

cycling, Bottom: after cycling.   

Furthermore, the post-cycling analysis was performed to investigate the solid-liquid 

electrolyte interphase (SLEI) on the GC-LATP surface.  As shown in Figure 10-S12(b), 

the clear LATP surface was covered by a thin film layer after 100 cycles, which is 

believed to be the SLEI layer.  SEM coupled with energy-dispersive X-ray spectroscopy 

(EDX) was performed to investigate the composition of the interface.  As shown in 

Figure 10-S13(a-f), elements such as C, P, F, Ti, and Al, are evenly distributed on the 

surface.  The chemical information on the SLEI was further analyzed by X-ray 
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photoelectron spectroscopy (XPS).  The full survey XPS spectra of GC-LATP pellets 

before and after cycling is included in Figure S14, and the high-resolution spectra of Ti, 

P, C, and F are displayed in Figure 6. In comparison with the Ti spectra Figure 10-6(a), 

there is no change after cycling, indicating that the reduction of Ti in GC-LATP by Li 

metal is prevented by the formation of the SLEI layer.[39, 40]  Figure 10-6(b) shows 

the high-resolution P spectra before and after cycling, which clearly shows new peaks at 

around 137 eV, which is resulted from PF6
-.  Figure 10-6(c) exhibits the high-resolution 

spectra of C 1s.  After cycling the CO3
2- peak was detected, suggesting Li2CO3 forms on 

the surface of GC-LATP after cycling.[8]  As a sharp comparison, the high-resolution F 

1s spectra were shown in Figure 10-6(d), suggesting that PF6
- and LiF (or AlF3) are 

formed on the surface of GC-LATP after cycling, which did not show up before cycling.  

To supplement these results, high-resolution O 1s spectra are also presented in Figure 

S15.  These results strongly suggest that an SLEI layer is formed on the surface of the 

GC-LATP pellets after electrochemical cycling, and consists of both lithium salts and 

organic compounds.[8]   

10.4 Conclusion 

A lithium battery with a configuration of LiFePO4\GC-LATP\Li was successfully realized, 

yielding a specific capacity of 125 mAh g-1 when cycled at 1C and 98 mAh g-1 at 4C.  

To the best of our knowledge, the electrochemical performances are superior to all 

previously reported results.  The superior electrochemical performance is attributed to 

the long-term durability of GC-LATP in LE and the formation of the SLEI on the 

GC-LATP surface, which prevents the reduction of GC-LATP by Li metal and enables a 

stable cycling performance. Moreover, the robust SE could suppress the growth of lithium 

dendrites upon cycling, improving the safety and energy density of lithium batteries.  

Furthermore, we have exemplified the importance of quantitatively controlling the 

volume of LE to enable high-performance quasi-SSLB systems.  This demonstration can 
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help guide future research in solid-liquid hybrid electrolyte systems for SSLBs with 

improved safety and energy density.   
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10.7 Supporting Information 

 

Figure 10-S1. SEM images of LATP (a) and GC-LATP (b).  Comparing GC-LATP 

with LATP, it is clearly seen that the particle size of GC-LATP is more uniform.  In 

addition, the GC-LATP pellet is more densely packed, and there are no large holes 

present on the pellet surface, while the LATP pellets have some holes as highlighted by 

yellow circles.   

 

Figure 10-S2. XRD spectra of LATP with excess amounts of Li2CO3. Without the 

addition of excess Li2CO3, there will be some impurity phases, such as AlPO4, in the 

LATP.[23]  The formation of AlPO4 impurities is related to the volatilization of lithium 

precursors.  In view of this, introducing an excess amount of Li2CO3 could suppress the 

impurity formation.  Thus, when 10% of excess Li2CO3 was introduced into the 
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stoichiometric LATP precursors, AlPO4 impurities in the XRD spectrum of LATP (green 

line) can be inhibited.  However, if 15% and 20% excess amount of Li2CO3 was 

introduced, other new impurities, such as TiO2 and Li4P2O7,[40] were formed in LATP.   

 

 

Figure 10-S3. LATP powder synthesized by the scale-up process. (a) Photo of the 

LATP powder. (b) XRD pattern of the LATP powder.   

 

Figure 10-S4. Ionic conductivity of LATP and GC-LATP.  (a) Electrochemical 

impedance spectra of LATP and GC-LATP.  (b) Activation energy of electrochemical 
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impedance spectroscopy of LATP and GC-LATP.  (c) Electrochemical impedance 

spectra of LATP at various temperatures. (d) Electrochemical impedance spectroscopy of 

GC-LATP at various temperatures.   

 

Figure 10-S5. Photos of LATP in liquid carbonate electrolytes at the initial state (a) 

and after one week(b).  After one week, there is no visible color change.  

 

Figure 10-S6. F K-edge spectra of GC-LATP pellets after being soaked in LE for one 

week.  It shows the AlF3 signal on the pellet surface.   
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Figure 10-S7. Electrochemical impedance spectra of LiFePO4 cathode quasi-SSLBs 

employing the GC-LATP\LE hybrid electrolytes with different volumes of LE.  The 

overall resistance of LiFePO4 in the LE is 169 Ω, which is lower than that in the 

LATP-LE hybrid electrolyte (275 Ω).   

 

Figure 10-S8. Charge-discharge curves of LiFePO4 employing the GC-LATP\LE 

hybrid electrolyte compared to conventional LE.  (a) The charge-discharge curves of 

LiFePO4 employing the LATP-LE hybrid electrolyte at different current densities varying 

from 0.1C to 4C.  (b) The charge-discharge curves of LiFePO4 employing only 

convention LE at different current densities varying from 0.1C to 4C.  The 

over-potential between the charge and discharge plateau of LiFePO4 in the hybrid 

electrolytes is comparable with that of the LE-based counterparts. 
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Figure 10-S9.  The long-term cycling performance of LiCoO2 in the GC-LATP\LE 

hybrid electrolyte.  The volume of LE used is 2 μL.   The initial discharge capacity of 

LiCoO2 is 131 mAh/g at 1C and 102 mAh/g at 1C. Furthermore, the capacity remains at 

72 mAh/g after 700 cycles.   

 

Figure 10-S10. Two typical EIS spectra of Li symmetric cells, in which mixed 

electron-ion conductor interface (a) dominates the interfacial resistance or ion-conducting 

SLEI interface (b) determines the interfacial resistance. SLEI is an acronym of 

solid-liquid electrolyte interphase.   

In the case of Li/GC-LATP/Li cells, the Nyquist plot is characterized by a high-frequency 

semicircle and a finite-length Warburg impedance at low frequencies.  These 

characteristics are typical for mixed ion-electron conductor (MCI, the acronym for mixed 

conductor interphases)[1], which is usually described by an equivalent circuit as an inset 
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in Figure S4(a).  The Rint||CPE1 element describes the high-frequency semicircle and 

represents the parallel migration of ions and electrons in the MCI layer and dielectric 

capacitance of the MCI layer.  The finite-length Warburg impedance Ws (Warburg short) 

describes the formation of Li+ and e- diffusion layer in the MCI layer due to the blocking 

of electrons by the bulk phase of SE.[1] 

Comparatively, the representative Nyquist plot of Li/LE/GC-LATP/LE/Li is dominated 

by two semicircles, which is typical for a formation of ion-conducting SLEI (SEI, 

acronym for solid-liquid electrolyte interphase) at the interface between LATP and Li.  

The corresponding equivalent circuits are shown in Figure S4(b), in which the first 

semicircle at high frequency represents the resistance of LATP grain (Rg). The 

Rint||CPE1 element represents the ion migration in the SLEI layer and dielectric 

capacitance of the SEI layer.[1, 2]   

Hence, the interface between LATP and Li is a mixed ion-electron conductor, which 

cannot suppress the interfacial reactions between Li and LATP.  By adding some LE at 

the interface, and ion-conducting SLEI layer will form at the interface, which could 

prevent the reduction of LATP from Li metal, thus guaranteeing the long-term stability of 

LATP in lithium metal batteries.   
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Figure 10-S11. Evaluation of the anode interface stability between GC-LATP and Li 

metal.  (a) The voltage profile of Li\LE\GC-LATP\LE\Li symmetric cells. (b) The 

initial voltage-capacity profiles of Li\LE\GC-LATP\LE\Li symmetric cells.  (c) The 

voltage profile of Li\GC-LATP\Li symmetric cells. (b) The initial voltage-capacity 

profiles of Li\GC-LATP\Li symmetric cells.  Compared to the Li plating/stripping 

overpotential of Li\GC-LATP\Li cells upon cycling (which varies from 6 V to over 10 V), 

Li\LE\GC-LATP\LE\Li shows a stable overpotential of 45 mV upon cycling, suggesting 

that the large resistance between GC-LATP and metal Li is minimized by adding a small 

amount of LE.   

 

Figure 10-S12. Post-cycling analysis on the solid-liquid electrolyte interphase.  (a) 

An SEM image of GC-LATP pellets before battery cycling.  (b) An SEM image of 

glass-ceramic LATP pellets after 100 cycles.  
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Figure 10-S13. Post-cycling analysis on the SLEI layer.  (a) An SEM image of 

GC-LATP pellets after 100 cycles.  (b-f) Elemental mapping of C, P, F, Ti, and Al, 

respectively.   

 

Figure 10-S14. The full survey XPS spectra of GC-LATP pellets before and after 

cycling.   
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Figure 10-S15. X-ray photoelectron spectroscopy of GC-LATP pellets before and 

after electrochemical cycling.  (a) high-resolution O 1s spectra obtained from the 

GC-LATP pellets before cycling.   (b) high-resolution O 1s spectra obtained from the 

GC-LATP pellets after cycling.   
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Chapter 11 

11. Conclusions and Perspectives 

This chapter summarizes the results and contributions of this thesis and proposes 

suggestions on the interface design of all-solid-state lithium-ion batteries. 
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11.1 Conclusions 

SE-based all-solid-state lithium-ion batteries (ASSLIBs) have received tremendous 

attention in recent years owing to their improved safety and energy density over 

conventional liquid electrolyte-based lithium-ion batteries.  However, there are three 

main challenges impeding the development of SE-based ASSLIBs, including (1) 

insufficient ionic conductivity and bad air-stability of solid-state sulfide electrolytes, (2) 

large interfacial resistance originating from the detrimental interfacial reaction and poor 

solid-solid contact between electrode materials and solid-state electrolytes, and (3) 

lithium dendrite growth when using Li metal as the anode of SE-based ASSLIBs (Figure 

11-1).   

 

Figure 11-1 Summary of challenges and proposed strategies of SEs and their 

ASSLIBs. 

With the tremendous efforts made over past years, corresponding strategies have been 

proposed.  For example, (1) increasing Li+ vacancies to improve the ionic conductivity 
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and doping with aliovalent elements (such as Sb) to improve the air stability of SEs. (2)  

developing soluble SEs to coat on cathode materials, thus significantly improving the 

solid-solid ionic contact.  (3) engineering different interfacial coating layers (i.e. LiNbO3, 

LiTaO3, Li3PO4) to suppress the interfacial reactions.  (4) introduction of lithium halides 

into SEs or modification of Li metal surface to suppress lithium dendrite formation in 

ASSLIBs.   

The main objective of this thesis is to engineer the cathode/anode interface, aiming at 

suppressing interfacial resistance and improving the electrochemical performance of 

ASSLIBs.  Meanwhile, advanced characterization techniques are used to reveal the 

interfacial reaction mechanisms, such as HRTEM and synchrotron radiation.  All the 

research can be summarized in the following two parts:  

Part 1: Different strategies to stabilize the cathode interface 

Firstly, we rationally designed a dual shell interfacial nanostructure to enable 

high-performance ASSLIBs, in which the inner shell LiNbO3 suppresses the interfacial 

reactions while the outer shell Li10GeP2S12 enables intimate electrode-electrolyte contact.  

As a result, the dual shell structured Li10GeP2S12@LiNbO3@LiCoO2 exhibits a high 

initial specific capacity of 125.8 mAh.g-1 (1.35 mAh.cm-2) with an initial Coulombic 

efficiency of 90.4 % at 0.1 C and 87.7 mAh.g-1 at 1C.  More importantly, in-situ X-ray 

absorption near-edge spectroscopy (XANES) was performed for the first time to reveal 

the interfacial reactions between Li10GeP2S12 and LiCoO2.   

Secondly, we use SC-NMC532 as the cathode material in SE-based ASSLIBs for the first 

time.  By electrochemical analysis, the SC-NMC532 exhibits a Li+ diffusion coefficient 

of 6~14 times higher than PC-NMC532.  Therefore SC-NMC532 exhibits an initial 

specific capacity of 151.2 mAh.g-1 and retains a specific capacity of 88.9 mAh.g-1 after 

150 cycles.  More importantly, SC-NMC532 exhibits a specific capacity of 82 mAh.g-1 
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under a high current density of 1.3 mA.cm-2 while PC-NMC532 only shows 2.1 mAh.g-1.  

This work demonstrates that single-crystal NMC cathodes could simultaneously enable 

the high energy density and high-power density of ASSLIBs at room temperature. 

Furthermore, the root cause of the large interfacial resistance of ASSLIBs is 

well-analyzed by TEM, XAS, and XPS.  It is found that the oxygen loss from 

single-crystal LiNi0.5Mn0.3Co0.2O2 (SC-NMC532) contributes to significant oxidation of 

the sulfide electrolyte Li10GeP2S12 upon cycling.  In addition, the structural degradation 

from a layered structure to a rock-salt structure further impedes interfacial Li+ transport in 

ASSLIBs.  Fortunately, the interfacial coating is demonstrated to be effective in 

preventing oxygen release and interfacial structure change, successfully mitigating the 

large interfacial resistance of ASSLIBs.  As a result, LiNb0.5Ta0.5O3-coated SC-MC532 

exhibits an initial specific capacity of 161.4 mAh.g-1, which remains at 92.1 mAh.g-1 after 

300 cycles.  These results provide new insights into the large interfacial resistance of 

ASSLIBs and presents new opportunities to design high-performance ASSLIBs.   

In the fourth part, the interfacial coating layer was engineered with different ionic 

conductivity.  By manipulating the interfacial Li+ transport conductivity, it is found that 

the interfacial Li+ transport is the most crucial step for high-performance ASSLIBs and 

improving the interfacial Li+ conductivity of coating layer can significantly improve the 

electrochemical performance of ASSLIBs.   

In order to realize the intimate solid-solid contact between electrode materials and 

solid-state electrolyte, a solid-state halide electrolyte (Li3InCl6) was in-situ grown on the 

electrode surface.  Owing to strong interfacial interaction and excellent interfacial 

compatibility, the interfacial resistance is as low as 0.13 Ω.cm-2.  Consequently, LCO 

with 15wt% LIC exhibits a high initial capacity of 131.7 mAh.g-1 at 0.1C (1C=1.3 

mA.cm-2) and can be cycled up to 4C at room temperature.  The discharge capacity 

retains 90.3 mAh.g-1 after 200 cycles.  More importantly, a high areal capacity of 6 
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mAh.cm-2 is realized with a high LCO loading of 48.7 mg.cm-2.  This work offers a new 

route toward the development of high-energy-density and high-power-density AISSBs 

without interfacial obstacles.   

Part 2: Different Strategies to Stabilize the Cathode Interface 

In the sixth part, Li metal anode was successfully enabled in solid-state batteries by an 

inorganic/organic hybrid interfacial layer, which was realized by an advanced molecular 

layer deposition technique.  With the help of the alucone coating layer, the interfacial 

reactions between Li metal and LSPS are greatly suppressed.  In addition, lithium 

dendrite formation is also inhibited.  By XPS analysis, the reduction of Sn4+ in LSPS 

was restrained with the MLD coating layer.  Compared with bare Li, LiCoO2-based 

ASSLMBs with 30aluocne Li exhibit smaller polarization, higher Coulombic efficiency, 

higher capacity, and longer cycle life.  This demonstration clearly suggests that Li metal 

with MLD coating can be successfully applied to ASSLMBs without compromising the 

output voltage and energy density of ASSLMBs. 

In the seventh part, a novel plastic crystal electrolyte (PCE) was developed to improve the 

solid-solid contact as well as suppress the interfacial reactions.  Due to the excellent 

compatibility between PCE and sulfide electrolytes, ASSLMBs based on Li metal and 

LiFePO4 exhibit a high initial capacity of 148 mAh.g-1 at 0.1 C and 131 mAh.g-1 at 0.5 C 

(1C=170 mA.g-1), which remains 122 mAh.g-1 after 120 cycles at 0.5C.  In addition, 

all-solid-state Li-S batteries based on polyacrylonitrile-sulfur composites are also 

demonstrated, showing an initial capacity of 1682 mAh g-1.  The second discharge 

capacity of 890 mAh.g-1, which keeps at 775 mAh.g-1 after 100 cycles.  The decay rate 

of the specific capacity is as low as 0.14%.  This work provides a new strategy to 

address interfacial challenges between Li metal and sulfide electrolytes, enabling the 

successful adoption of Li metal anodes in all-solid-state lithium batteries toward 

next-generation safe and high-energy-density energy storage systems.   
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Last but not least, the effects and interfacial properties of LE in the solid-liquid hybrid 

electrolyte have been investigated.  We quantitatively add LE at the interface to 

eliminate the large interfacial resistance and study its interfacial properties.  As little as 2 

µl of LE at the interface enables a hybrid LiFePO4\LATP\Li battery to deliver a specific 

capacity of 125 mAh g-1 at 1C and 98 mAh g-1 at 4C.  Excess LE has no further 

contribution to the electrochemical performance.  Furthermore, the rigid SSE could 

suppress the formation of lithium dendrites, especially in the case with a high cathode 

loading (9.1 mg/cm2), suggesting the feasibility of high energy density SSLBs using Li 

metal anodes.  The interfacial analysis reveals that an interfacial solid-liquid electrolyte 

interphase (SLEI) was formed at the interface, preventing the reduction of LATP by Li 

metal, thus ensuring the long-term durability of LATP in LE.   

11.2 Perspectives 

Although a lot of remarkable achievements have been made, there are still a lot of 

remaining challenges to be addressed.  Herein, we provided the potential directions and 

our perspectives in this field.  

(1) Improvements of Solid-State Sulfide Electrolytes:  

(I) Improving the Ionic Conductivity of SEs: Although some of SEs exhibit comparable 

ionic conductivity with those of liquid electrolytes.  Improving the ionic conductivity of 

solid-state sulfide electrolytes is still necessary for fast-charging solid-state batteries.  In 

the future, SEs with not only high ionic conductivity but also good air stability, wide 

electrochemical windows, and low cost should be developed to meet the requirements of 

large-scale applications.   

(II) Air Stability: SEs generally suffer from the hydrolysis in air, which releases harmful 

H2S and devalues the ionic conductivity of SEs.  Improving the air stability of SEs now 
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is an urgent task for the commercialization of SE-based ASSLIBs.   Current strategies, 

such as the introduction of metal oxides and composition tuning can improve the air 

stability of SEs but generally sacrifice their high ionic conductivity.  New strategies, 

such as nano-thin film coating on SE particles, or nanostructured SE particles with a 

stable shell could give come contribution, as long as the out shell does not block the Li+ 

transport.   

(III) Electrochemical Stability: The intrinsic stable electrochemical window is generally 

from 2.1 V to 2.7V.  which is unstable against Li metal and high-voltage cathodes.  

Tuning the chemical composition of SEs can alter the electrochemical stability.  In 

addition, a dielectric buffer layer may also block the electron transfer at the 

electrode-electrolyte interface, thus successfully enabling the application of SEs in 

ASSLIBs.    

 (IV) Low-cost Synthesis Route: New synthesis route beyond ball milling and 

high-temperature glass-tube sealed post-annealing should be developed for large scale 

production with a low cost and environmental friendliness, such as the economic and 

eco-friendly liquid method, which also enable the size and morphology controllability.   

 (V) Alternative Ionic Conductors: Discovering new solid electrolytes with high ionic 

conductivity, good chemical and electrochemical stability, and low cost is also 

recommended, such as recently-found Li3YCl3, Li3InCl6.   

(2) Understanding and Overcoming Interfacial Challenges of All-Solid-State 

Lithium Batteries:  

At the Cathode Interface:  

 (I) Interfacial coating is required to suppress the interfacial reactions and space charge 

layer at the cathode interface and lithium dendrite growth at the anode interface.  
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However, the stability of interfacial coating during the cycling needs to be investigated.  

In addition, the multilayer interfacial layers with different electrochemical windows or 

different mechanical stability should be developed to suppress the reduction/oxidization 

reactions by electrodes and accommodate the volume change of electrode upon cycling.   

(II) The interfacial layer is generally developed by the sol-gel method or fluidized bed 

coating, which is very difficult to control the thickness and uniformity.  The interfacial 

coating materials developed by ALD by our group can exactly control the thickness and 

uniformity to design the interfacial layer.  In addition, the complexed interfacial coating 

layer, such as inorganic-organic hybrid coatings, can also be developed by combining 

ALD and molecular layer deposition (MLD) techniques, which can act as an artificial 

cathode electrolyte interphases (CEI).   

(III)  The electronic and ionic conductivity of the interfacial coating layer should be 

investigated to figure out the basic requirement of interfacial layers.   

(III)  Interfacial ionic contact between the electrode and SEs can be improved by soluble 

SE coating.  However, improving the ionic conductivity of soluble SEs is very urgent for 

high-power solid-state batteries.   

(IV)  To ensure the high energy density of ASSLIBs, the SE content in the cathode 

composites should be minimized.     

At the Anode Interface:  

(I) the interfacial reactions and lithium dendrite formation between Li metal and SEs 

should be avoided.  So far, these challenges can be overcome by either internal 

composition tuning of SEs or external surface modification.  However, the capacity of 

Li+ plating/stripping is too low for real applications.  The large cycling capacity of Li 

metal (> 3mAh.cm-2) need to be achieved.   
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(II) In addition, the Coulombic efficiency of Li metal in solid-state batteries should be 

investigated to guarantee the long lifespan of ASSLIBs.   

(III) Importantly, advanced characterization techniques, particularly in-situ techniques, 

are required to retrieve more in-depth interfacial information in ASSLIBs.    

(3) Mass Production of SE-based ASSLIBs 

(I) Although the manufacturing protocols have been proposed and some prototypes of 

SE-based ASSLIBs have been demonstrated, the remained engineering challenges, such 

as the solvent and binder selection criteria, quality control, and compatible battery 

manage the system, manufacturing cost should be addressed in the near future.   

Foreseeably, with tremendous endeavors to overcome the challenges, safe and 

high-energy-density SEs-based ASSLIBs could be realized for the applications in electric 

vehicles, smart grids, consumer electronics, and even flexible electronics.   

 

11.3 Main Contribution of This Thesis 

Because of the great safety feature and potential to achieve high energy density, 

all-solid-state lithium batteries have gained substantial attentions in recent years, however, 

large interfacial resistance, which originates from poor solid-solid contact and detrimental 

interfacial reactions between electrodes and SEs, significantly suppressed the 

electrochemical performance of ASSLBs.  Therefore, high-performance ASSLBs would 

not be achieved without addressing the interfacial challenges.  My research activity is 

dedicated to addressing the interfacial challenges in SE-based ASSLBs.  For example, at 

the cathode interface, I came up with 5 strategies in total, which successfully suppressed 

the large interfacial resistance at the cathode interface.  I also demonstrated that the high 



310 

 

ionic conductivity of interfacial coating is highly recommended for realizing high-power 

ASSLBs.  Furthermore, using advanced characterization tools including synchrotron 

radiation and high-resolution TEM, I also identified that the oxygen loss from the cathode 

materials may be another under-emphasized factor for significant interfacial reactions 

after long-term cycling.  I believe these research findings would provide an in-depth 

understanding about the interface of SE-based ASSLBs. 

At the anode interface, an inorganic-organic hybrid coating layer between the SE and Li 

metal was realized by molecular layer deposition for the first time, which successfully 

suppressed anode interfacial reactions and lithium dendrite growth.  More importantly, 

the plastic crystal electrolyte (PCE) was first studied as a buffer layer in SE-based 

ASSLBs.  I believe these findings would serve as a useful guidance for developing 

high-performance all-solid-state lithium metal batteries.  
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Appendix A: Permission John Wiley and Sons for Published Article on Small 

Methods 

Published Article: 

Changhong Wang, Xia Li, Yang Zhao, Mohammad N Banis, Jianwen Liang, Xiaona Li, 

Yipeng Sun, Keegan R Adair, Qian Sun, Yulong Liu, Feipeng Zhao, Sixu Deng, Xiaoting 

Lin, Ruying Li, Yongfeng Hu, Tsun‐Kong Sham, Huan Huang, Li Zhang, Rong Yang, 

Shigang Lu, Xueliang Sun.  Manipulating Interfacial Nanostructure to Achieve 

High-Performance All-Solid-State Lithium-Ion Batteries. Small Methods. 2019, 1900261. 

Doi: https://doi.org/10.1002/smtd.201900261 
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Published Article: 

Changhong Wang, Yang Zhao, Qian Sun, Xia Li, Yulong Liu, Jianwen Liang, Xiaona Li, 

Xiaoting Lin, Ruying Li, Keegan R Adair, Li Zhang, Rong Yang, Shigang Lu, Xueliang 

Sun, Stabilizing interface between Li10SnP2S12 and Li metal by molecular layer 

deposition, Nano Energy, 2018,53,168-174. 
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https://www.sciencedirect.com/science/article/pii/S2211285518305937
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Functional Materials.  

Published Article: 

Changhong Wang, Keegan R Adair, Jianwen Liang, Xiaona Li, Yipeng Sun, Xia Li, Jiwei 

Wang, Qian Sun, Feipeng Zhao, Xiaoting Lin, Ruying Li, Huan Huang, Li Zhang, Rong 

Yang, Shigang Lu, Xueliang Sun. Solid‐State Plastic Crystal Electrolytes: Effective 

Protection Interlayers for Sulfide‐Based All‐Solid‐State Lithium Metal Batteries. 

Advanced Functional Materials. 2019, 1900392. DOI: 

https://doi.org/10.1002/adfm.201900392 
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https://doi.org/10.1002/adfm.201900392
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Published Article: 

Changhong Wang, Qian Sun, Yulong Liu, Yang Zhao, Xia Li, Xiaoting Lin, Mohammad 

Norouzi Banis, Minsi Li, Weihan Li, Keegan R Adair, Dawei Wang, Jianneng Liang, 

Ruying Li, Li Zhang, Rong Yang, Shigang Lu, Xueliang Sun. Boosting the performance 

of lithium batteries with solid-liquid hybrid electrolytes: Interfacial properties and effects 

of liquid electrolytes, Nano Energy, 2018,48,35-43.  
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