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Abstract
High flammability, susceptibility to unstable interfacial reactions and lithium dendrites growth 
make the currently employed liquid electrolyte systems in lithium batteries prone to severe safety 
concerns. Replacing the liquid electrolytes by solid-state versions is believed to be the ultimate 
solution to address the safety issues. Much research efforts have been dedicated to find solid-
state electrolytes with excellent ionic conductivity comparable to the liquid counterparts and 
tremendous success has been achieved, especially with ceramic sulfide-based and oxide-based 
solid-state electrolytes. However, the other major constraint inhibiting the practical development 
of such solid-state batteries is the solid-solid interfaces. This review summarizes the notable 
approaches that have been implemented to address the interface incompatibilities of ceramic 
solid-state electrolytes with the battery electrodes. The focus will be on interfaces of sulfide and 
oxide solid electrolytes with both cathodes and metallic lithium anodes. 

Keywords: Solid-state batteries, lithium batteries, interface, LGPS, LLZO, lithium dendrites, 
safety, lithium metal
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1. Introduction
Batteries have been a reliable conventional means of energy for portable devices. The 
advancement in smart electronics demands higher energy density of batteries. On the other hand, 
progress in acquirement of renewables for sustainable energy has also increased the demand in 
use of batteries to a great extent. Renewables such as solar and wind are intermittent in nature 
and require some sort of energy storage to address the issue. Batteries are considered to be the 
solutions for majority of the associated issues with high penetration of renewables into the 
electric grid1. Meanwhile, research in solar charging batteries has attracted much attention2. 
Furthermore, batteries have enabled electric vehicles as car manufacturers such as Tesla further 
advance their deployment. Each of this energy storage demanding applications has their own 
priorities for the properties of batteries required, as well as other figure of merits such as cost 
and safety. In particular, lithium-ion (Li-ion) battery chemistry has been a revolution since its 
commercialization by Sony Corporation in 1991, and still dominates the today’s consumer 
electronics3-5. Extensive research has been conducted on further development of Li-ion 
batteries.6-17 The commercial Li-ion battery chemistry composed of graphite 
anode/LiNixCoyMnzO2(NMC) cathode can produce an energy density of 200-250 Wh/kg. 
However, it is imperative to investigate battery chemistries that can provide much higher energy 
density to meet the ever-growing energy demand18.

One of the factors contributing to the lower energy density of the current Li-ion chemistry is 
the lower specific capacity of the graphite anode. Graphite has a theoretical specific capacity of 
372 mAhg-1. This has motivated to studies investigating higher capacity anode materials. 
Graphite facilitates lithiation based on intercalation mechanism, which accommodates one 
lithium ion per six carbon atoms. Materials that exhibit alloy-based lithiation have been heavily 
pursued19-21. Silicon is one such material and has a theoretical specific capacity of 4200 mAhg-1 
which is more than 10 times that of graphite22. However, silicon undergoes huge volume change 
~400% during lithiation and mechanical breakage during delithiation. Several breakthrough 
strategies have been introduced such as use of silicon nanostructures, carbon coating, hollow 
protective cells and porous silicon19, 23-27. However, scaling up these nanostructures to a cost-
effective production volume is a limitation. 

Lithium metal is the ideal anode for Li-ion technology as it possesses the lowest negative 
electrochemical potential of -3.040 V vs standard hydrogen electrode and theoretical specific 
capacity of 3860 mAhg-1.(4, 28, 29) Lithium metal was introduced as potential anode before the 
lithium-ion technology. However, the violent reactive and unstable nature of the lithium metal 
towards the organic electrolytes led to safety issues and eventually the Li-ion battery with 
graphite anode was introduced as a much safer alternative. Considering advances in 
nanotechnology, research on safe implementation of the lithium metal has been revived17. 
Research is focused on use of innovative approaches to restrain lithium dendrite growth and 
unstable solid electrolyte interphase layer associated with lithium metal as anode. Several 
attempts have been made, such as use of electrolyte additives, protective layer on top of lithium 
metal, porous current collector and use of lithium hosts17, 30-34. These research efforts are 
promising and should be encouraged at a much greater extent. 
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The other problem with the existing Li-ion technology is the low capacity of the cathodes. 
The conventional lithium metal oxides offer specific capacities of ~160-200 mAhg-1. Therefore, 
when coupled with advanced anodes (Li), discrepancy exists in the potential capacities that can 
be delivered. This has led to research on potential high capacity cathodes such as sulfur and 
oxygen, namely Li-S and Li-O2 batteries respectively35. These potential cathodes when paired 
against Li metal have high theoretical energy densities of 2500 Whkg-1 and 3500 Whkg-1 
respectively36, 37. These advanced chemistries are also considered promising to achieve a low-
cost storage system. However, several challenges exist in Li-S chemistry such as shuttle effect 
with dissolution of polysulfides, low electronic and ionic conductivity, volume change etc., while 
several promising efforts have been demonstrated addressing them36, 38. On the other hand, Li-
O2 is a much more complicated chemistry and still at infancy37, 39, 40.

All these chemistries pursued for higher energy density have a common obstacle for their 
safe commercial deployment, which is associated to the use of liquid electrolytes. Solvents 
incorporated in these electrolytes are flammable and raise the safety concern for their use. In 
addition, the use of lithium metal in such liquid electrolyte environment poses significant risks 
of thermal runaway and thus safety41, 42. Besides, the liquid electrolytes tend to undergo 
uncontrollable side reactions with electrodes forming unstable interface that leads to severe 
capacity fading and low battery cycle life. All the aforementioned issues can be significantly 
suppressed with use of electrolytes in solid-state form which are non-flammable43, 44. Further, 
the use of solid-state electrolytes can provide stackable and high volumetric energy density. 
Some solid-state electrolytes also have very wide electrochemical stability window and can 
enable use of high voltage cathode materials to achieve higher energy density batteries45. In 
addition, solid-state electrolytes have also been proposed to suppress the growth of unwanted 
lithium dendrites when lithium metal anode is employed. The employment of solid-state 
electrolyte in a lithium metal battery is the ultimate goal to achieve a safe and high energy density 
storage system.

2. Inorganic Electrolytes – Sulfides vs Oxides
The electrolyte in a Li-ion battery should have the characteristics such as (1) electronically 
insulating but ionically conducting, (2) undergo repeated cycling without chemical 
transformation i.e. exhibit good chemical/electrochemical stability, (3) good thermal stability 
over a wide range of operating temperature, (4) wide electrochemical operating window to 
enable high energy density, (5) good compatibility with electrodes and separator to accomplish 
efficient ion transport, (6) good mechanical stability to prevent or suppress lithium dendrites 
growth46. It is rather challenging to find an electrolyte system that satisfies all these requirements, 
however numerous efforts have been carried out in pursuit of such an electrolyte. Solid-state 
electrolytes can be categorized into two major groups namely, (i) polymers and (ii) inorganics 
(sulfides and oxides). 

Polymers, with better flexibility can facilitate better interface formation with electrodes, but 
have low ionic conductivity at room temperature, limited thermal stability and narrow 
electrochemical window46, 47. In addition, solid polymer electrolytes can be more cost-effective 
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compared to the inorganics. From ionic conductivity prospect, inorganics especially the sulfides 
and oxides are promising candidates (as shown in Fig. 1 43) for further advancement of all-solid-
state batteries, hence have attracted much attention. 

Radar plots shown in Fig. 2a,b compare the sulfides and oxides with respect to various 
performance parameters for a solid-state electrolyte respectively. Solid sulfide electrolytes are 
capable of faster ionic conduction compared to oxide counterparts, owing to the presence of 
wider channels for ionic conduction in their structure. In addition, the lithium ions are more 
mobile in sulfides, attributed to the weaker affinity of lithium ions to sulfides48. As a result, the 
sulfides electrolytes have demonstrated the highest ionic conductivity among the solid 
electrolytes. The sulfides such as Li10GeP2S12 (Fig. 2c) has already attained ionic conductivity 
of 12 mScm-1 which is comparable to that of organic liquid electrolyte with ~10-2 Scm-1.49 
Further, efforts have been carried out to substitute expensive Ge and as a result, another lithium 
superionic conductor Li9.54Si1.74P1.44S11.7Cl0.3 has been reported with high ionic conductivity of 
25 mScm-1 (50). Further, sulfides have better processing ability as they are comparatively easily 
deformable and have lower melting point. This enables densification of cold pressed sulfide 
pellets to form the required intimate particle-particle contacts, while very high temperature is 
required for their oxide counterparts. This also makes sulfides attractive from processing cost 
perspective. 

Fig. 1 Comparison of ionic conductivity of various solid-state lithium-ion conducting electrolyte 
families. Reproduced with permission from Ref.43. Copyright (2016) American Chemical Society.
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Fig. 2 Sulfides and oxides solid-state lithium ion conductors. Radar plots showing performance 
properties of (a) sulfide and (b) oxide. Reproduced with permission from Ref 44. Copyright 
(2016) Springer Nature. Crystal structures of (c) Li10GeP2S12 (Reproduced with permission from 
Ref 49. Copyright (2011) Springer Nature) and (d) Li7La3Zr2O12 (Reproduced with permission 
from Ref 51. Copyright (2011) Chemical Society of Japan.

However, the sulfides also have their own challenges. Most sulfide electrolytes are 
chemically prone to instability with water molecules generating toxic H2S gas and therefore 
require an inert processing environment52. Further, sulfides are comparatively unstable towards 
lithium metal than oxides. 
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In comparison to the sulfide counterparts, solid oxide electrolytes demonstrate excellent 
chemical and thermal stability. The garnet type oxides such as Li7La3Zr2O12 (LLZO) show good 
stability against Li. Garnet type solid ionic conductors were first introduced by Thangadurai et 
al.53 and later, garnet LLZO (Fig. 2d) was introduced with fast lithium ion conduction with ionic 
conductivity (0.1 – 1 mScm-1)54, 55. Further, these garnet oxides are found to be stable against 
lithium metal and excellent thermal stability up to 900 °C43. However, these oxides have poor 
mechanical flexibility and high grain-boundary resistance. In addition, the processing of these 
electrolytes is expensive for large-scale production. 

3. Solid/Solid Interfaces 
Liquid electrolytes can provide proper wettability to both anode and cathode in Li-ion battery. 
This facilitates efficient Li+ transfer reactions into the bulk of the anode and cathode. Despite the 
high ionic conductivity of solid electrolytes such as the aforementioned sulfides, realization of 
an all-solid-state battery using such electrolytes is challenging as these solid electrolytes cannot 
effectively wet the battery electrode surface. This results in a high electrochemical impedance at 
electrode/electrolyte interface in case of the solid-state electrolytes. The chemical stability of the 
electrolyte plays a crucial role in determining the interfacial stability with the electrodes 
especially interface with the lithium metal electrode. The chemical stability of an electrolyte 
depends on the energy alignment of the electrolyte’s lowest unoccupied molecular orbital 
(LUMO) or conduction band (CB) and the highest occupied molecular orbital (HOMO) or 
valence band (VB) with the chemical potential of anode and cathode3. The interphase products 
due to the interfacial reaction plays an important part in the Li+ diffusion from the bulk 
electrolyte56. Several characterization techniques have been employed to characterize these 
interphase products. In situ X-ray photoelectron spectroscopy (XPS) characterization has 
revealed the presence of Li3P, Li2S and Li-Ge alloy in a Li/LGPS interface57 and presence of 
Ti3+, Ti2+ and Ti metal in a Li/lithium lanthanum titanate (LLTO) interface58. These insights will 
be a key role in further engineering of interface properties of the solid-state electrolyte with the 
anode and cathode in order to improve the interface.

Herein, interfaces with cathode and lithium metal electrodes focused on the oxides and 
sulfides solid electrolytes have been classified as: (i) Cathode/Sulfide electrolyte interface, (ii) 
Cathode/Oxide electrolyte interface, (iii) Lithium/Sulfide electrolyte interface and (iv) 
Lithium/Oxide electrolyte interface.

3.1. Cathode/Sulfide Electrolyte Interface
The interface of battery cathode and solid-state sulfide electrolyte is susceptible to elemental 
cross-diffusion and undesirable side reactions59. This makes the interface unstable leading to a 
large interfacial resistance. Especially, a space charge layer can be formed at the interface 
between an oxide cathode and the sulfide electrolyte, which originates due to the large difference 
in Li chemical potential in oxide and sulfide. This can be attributed to the much stronger bonding 
of lithium ions with oxides than with sulfides. Haruyama et al. studied the energy of exchanging 
ions between a typical cathode lithium cobalt oxide- LiCoO2 (LCO) and β-Li3PS4 (LPS) solid 
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electrolyte and suggested that the mixing of elements Co and P is energetically favorable to the 
unmixed states at the interface60. Several efforts have been carried out to address the interface 
issue of sulfide solid electrolytes with battery cathodes.

3.1.1.  Surface coating
Modification of the interface by applying a surface coating either on the sulfide electrolyte or 
the cathode particles has been extensively researched. These surface coatings can act as an 
effective buffer layer at the interface. Sasaki et al. developed a strategy to suppress the 
development of the space charge layer in the sulfide electrolyte by introducing an ionically 
conductive and electronically insulative thin film between the sulfide electrolyte and the oxide 
electrode61. The thin film was formed by spray coating of lithium titanate (Li4Ti5O12 or LTO) on 
the surface of the LCO cathode particles. High rate performance of In-Li/LCO cells with LGPS 
sulfide electrolyte was observed for the coated samples, demonstrating 64% capacity retention 
at 5 mAcm-2 versus uncoated sample with only 4%. A graphite/LCO all solid-state cell with 
70Li2S-30P2S5 sulfide electrolyte for the coated LCO cathode demonstrated comparable power 
densities with commercialized Li-ion batteries. Similar spray coated LTO on other oxide cathode 
LiNi0.8Co0.15Al0.05O2 (NCA) was investigated with 70Li2S-30P2S5 sulfide solid electrolyte62. 
However, the impact of the LTO coating on NCA was not as significant as on LCO. This was 
attributed to the much easier diffusion of Ni into LTO rather than Co. However, the LTO has a 
low ionic conductivity, thus its resistance significantly contributed to the electrode resistance, 
limiting the rate capability. With this into consideration, the same group also investigated other 
buffer layers such as LiNbO3 and LiTaO3 which has higher ionic conductivity in their amorphous 
state than LTO63. In addition, these coatings could be processed at preferred low temperature as 
high temperature treatment induces thermal diffusion of the elements. Theses coatings were also 
formed on LCO cathode particles by spray coating. The In-Li/LCO cell with LiNbO3 coated 
LCO showed 74% capacity retention at 5 mAcm-2 versus uncoated sample with only 7%. Similar 
performance was observed in the case of the LiTaO3 buffer layer. Similarly, the effect of LiNbO3 
coating on high voltage cathode LiMn2O4 was investigated64. It was concluded that a similar 
space charge layer exists between LiMn2O4 and sulfide electrolyte Li3.25Ge0.25P0.75S4 which 
limits the rate performance of all solid-state lithium batteries, and this can be suppressed by using 
coatings such as LiNbO3. 

Further, use of 2D nanosheets in the form of tantalum oxide (TaO3) coated on the surface of 
a thin film LCO cathode formed by PLD was introduced65. TaO3 nanosheet can function as an 
effective buffer layer as it can be very thin (~ 1 nm) and electronically insulative with a bandgap 
of 5.3 V. The TaO3 nanosheets were deposited on the LCO surface by spin coating an acetonitrile 
suspension consisting of nanosheets in tetrabutylammonium hydroxide (TBAOH), followed by 
UV-light exposure for 12 h in N2/O2 environment to decompose the TBA ions. The TaO3 as 
buffer layer decreased the resistance by two orders of magnitude in In-Li/LGPS/LCO system. 
The nanomesh structure of TaO3 nanosheets can provide openings of 0.11 nm  0.11 nm which ×
enables lithium ion conduction through these channels. Sakuda et al. reported coatings of SiO2 
and Li2SiO3 on LiCoO2 particles to improve the rate performance of all solid-state lithium 
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batteries (Fig. 3a)66. Sol-gel method was employed to obtain the coatings which consisted of 
mixing of respective Li2SiO3 sol and SiO2 sol with LCO particles, followed by annealing at 350 
°C for 30 min. In/80Li2S.20P2S5/LCO cell was employed to evaluate the effectiveness of the 
coatings. The resistance contributed by the positive electrode side was decreased from 270 Ω for 
uncoated to 220 Ω for SiO2 coating and 160 Ω for Li2SiO3 coating (Fig. 3b). The cell 
demonstrated a higher rate cycling performance for the coated LCO compared to the uncoated 
LCO (Fig. 3c). The lower interfacial impedance and higher rate performance of Li2SiO3 coated 
LCO versus SiO2 coated LCO suggested that the ionic conductivity of the coating layer also 
contributes to achieve high-rate performance of all solid-state batteries. The effect of these 
coatings was further evaluated with cutoff voltage 4.6 V, where the coated LCOs demonstrated 
higher discharge voltages along with better cycling with higher charge/discharge capacities (Fig. 
3d,e)67. 

Fig. 3 LiCoO2 coating with sol-gel prepared SiO2 and Li2SiO3 layers. (a) Scanning electron 
microscopy (SEM) images of surface of LiCoO2 particles with and without the coatings; 
Performance of In/80Li2S.20P2S5/LiCoO2 solid-state cells with and without the coatings (b) 
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Nyquist plots and (c) Discharge voltage profiles at different current densities; Reproduced with 
permission from Ref 66 . Copyright (2008) The Electrochemical Society. (d) Charge-discharge 
voltage profiles and (e) Cycling capacities In/80Li2S.20P2S5/LiCoO2 solid-state cells with and 
without the coatings at higher cut-off voltage. Reproduced with permission from Ref 67. 
Copyright (2009) Elsevier.

Further, sulfide coatings in the form of CoS and NiS on the LCO cathode particles were 
explored68. These sulfide coatings were formed by thermally decomposing their respective 
dithiocarbamato complexes on LCO particles at 400 °C for 2 h in N2 atmosphere. All solid-state 
batteries utilized Li2S-P2S5 sulfide electrolyte. These sulfide coatings mainly contributed to 
suppression of decomposition of the LCO electrode and Li2S-P2S5 sulfide electrolyte, and 
formation of an interface with high electronic and lithium-ion conductivity. This resulted in 
significant decrease in interfacial resistance between LCO and the electrolyte. Further, the group 
prepared LiFePO4 glass ceramic electrode with an amorphous surface layer consisting of Li, Fe, 
Nb, P, O, and C elements and 80Li2S-20P2S5 sulfide-based electrolyte for an all solid-state 
battery69. The solid-state cell based on this modified LiFePO4 delivered higher capacities 
compared to the commercial LiFePO4. It was observed that the amorphous surface layer 
improved interfacial properties between LiFePO4 electrode and Li2S-P2S5 solid electrolyte. 
Machida et al. employed Li2O-ZrO2 coated LiNi0.8Co0.15Al0.05O2 (NCA) cathode to suppress the 
mutual diffusion at the cathode/electrolyte interface and reduce the interfacial resistance70. Full 
cells with graphite/Li2S-P2S5 (80:20 mol%)/NCA were tested. The NCA cathode composite 
consisted of Li2O-ZrO2 coated NCA (59 wt%), Li2S-P2S5 (80:20 mol%), conductive carbon 
based on carbon nanotube (5 wt%) and hydrocarbon polymer binder (2 wt%). The coated NCA 
cells showed decrease in interface resistance that contributed to improvement in the discharge 
rate performance compared to the uncoated NCA. Similarly, coating of higher capacity cathode 
oxide Li(Ni1/3Mn1/3Co1/3)O2 “NMC” has also been investigated. Inert metal oxides such as Al2O3 
and ZrO2 have been employed as coating on NMC cathode to improve the interfacial stability of 
the NMC cathode and sulfide solid electrolytes71. 

However, the poor ionic conductivity of these inert metal oxides restrains achievement of 
optimum rate capability performance of all-solid-state batteries. As a solution, use of LiAlO2 
coating on NMC has been suggested as LiAlO2 with higher ionic conductivity can provide an 
effective Li+ conduction pathway from NMC to solid electrolyte72. A sol-gel method was 
employed to coat the LiAlO2 layer on the NMC cathode particles and the sol gel mixture was 
heated at various temperature range of 250-750 ºC for 1 h under O2 environment to decompose 
the organic components.  The performance of the coating on NMC was evaluated by using solid-
state cells comprising of the coated NMC cathodes, amorphous Li3PS4 as solid electrolyte and 
Li4.4Si as anodes. The 1 mol% LiAlO2 coating heat treated at 350 ºC showed the minimum 
interfacial impedance. The cell with 1 mol% LiAlO2 coated NMC exhibited superior cycling 
stability with 134 mAhg-1 (1st discharge) and 124 mAhg-1 (400th discharge) compared to 
uncoated NMC with 102 mAhg-1  (1st discharge) and 74 mAhg-1 (250th discharge), suggesting 
the suppression of unwanted reaction between Li3PS4 and NMC by the LiAlO2 coating.
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Further, Kim et al. presented an interesting observation with use of lithium carbonate 
(Li2CO3) as coating on LCO cathode powders73. Li2CO3, which is a spontaneous coating formed 
during synthesis of LCO is unfavorable in conventional liquid Li-ion batteries as it is 
electrochemically inactive. Therefore, post treatment of LCO is done to remove Li2CO3 from the 
surface of LCO powders. However, Li2CO3 is also a component of the solid electrolyte 
interphase (SEI) layer that prevents further electrolyte decomposition in the cell. Considering 
this, Li2CO3 coated LCO cathodes were investigated for all solid-state batteries employing Li2S-
P2S5 sulfide electrolyte. The Li2CO3 coating on LCO cathodes was prepared using mixtures of 
lithium hydroxide and LCO powder heated at low temperature of 400 ºC under CO2 for 3h. The 
cell with 4 wt% Li2CO3 coated LCO exhibited a discharge capacity of 137 mAhg-1 at 0.05 C and 
86.4 mAhg-1 at 0.5 C compared to uncoated LCO with 62.1 mAhg-1 at 0.05 C and 13.9 mAhg-1 
at 0.5 C. These results suggest that an appropriate amount of Li2CO3 coating as a physical barrier 
can contribute to enhancement in cell reversibility and interfacial stability by decreasing the 
interfacial impedance during charge/discharge.  

3.1.2. Interface softening
One of the major obstacles for the implementation of solid-state electrolyte is its wettability 
towards the battery electrodes resulting in small contact area between the active material and 
electrolyte. Kitaura et al. employed the softening of 80Li2S.20P2S5 glassy electrolyte to increase 
the active contact area between the active material and solid electrolyte74. The 80Li2S.20P2S5 
glassy electrolyte was converted to a supercooled liquid state by hot pressing and this viscous 
liquid was used to form contact with the active materials LTO and LCO. It was observed that a 
reaction occurred between the viscous electrolyte and LCO, which was then overcome by a 
LiNbO3 coating on LCO. A higher reversible capacity of 120 mAhg-1 was observed for an all-
solid-state battery (LTO/80Li2S-20P2S5 sulfide electrolyte/LiNbO3 coated LCO) that employed 
hot pressing in comparison to cold pressing with only 50 mAhg-1. 

3.1.3. Electrolyte Infiltration
Sulfide electrolytes are reactive towards the common polar solvents used for the wet slurry 
process to fabricate electrodes for lithium batteries. Therefore, to obtain a composite electrode 
for all solid-state batteries, Kim et al. demonstrated infiltration of solution processable sulfide 
electrolyte into the conventional electrodes of Li-ion batteries75. For this, the conventional LCO 
and graphite electrodes prepared by slurry casting were dipped into a Li6PS5Cl (LPSCl) sulfide 
electrolyte solution in ethanol, followed by drying in argon environment, vacuum annealing at 
180 ºC and cold pressing under 770 MPa (Fig. 4a). The LPSCl infiltrated LCO (Fig. 4b) and 
graphite electrodes demonstrated high reversible capacity of 141 mAhg-1 and 364 mAhg-1 at 0.1 
C and 30 ºC (Fig 4c,d). The electrochemical performance of the LPSCl electrodes were found to 
be superior to conventionally prepared (dry-mixed and slurry-mixed) electrodes for solid state 
batteries and comparable to that of liquid electrolyte cells. The superior performance was 
attributed to the formation of intimate ionic contacts formed by ionic percolation pathways. 
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Fig. 4 Solution processible Li6PS5Cl sulfide electrolyte infiltrated into battery electrodes. (a) 
Schematic depicting the approach; (b) Cross-sectional SEM image of the infiltrated LCO battery 
electrode and elemental mapping of Co and S; Charge/discharge voltage curves of (c) LCO/Li-
In and (d) Gr/Li-In half cells at 0.1 C with liquid (LE) and infiltrated solid-state (SE) electrolytes. 
(Inset shows voltage profiles for LCO without solid-state electrolyte infiltration).  Reproduced 
with permission from Ref 75. Copyright (2017) American Chemical Society. 

3.1.4. Electrolyte coating on cathodes
The cathodes in all-solid-state batteries require a conductive pathway to the solid electrolyte. 
The conventional approach for cathodes in all solid-state batteries is to use a composite of solid 
electrolyte powder mixed with the cathode. The other promising and effective approach is the 
coating of the cathode powder with solid-state electrolyte. Sakuda et al. demonstrated 80Li2S-
20P2S5 sulfide electrolyte (1 wt%) coating on LiNbO3 coated LCO powder by PLD (Fig. 5a,b)76. 
The electrolyte coated LCO cells were able to reversibly charge and discharge with a reversible 
capacity of 30 mAhg-1 for 100 cycles while the non-coated LCO cells were not. This performance 
was further improved by controlling the amount of coating and heat treatment of the 80Li2S-
20P2S5 sulfide electrolyte coated LCO77. The amount of coating when increased from 40 min to 
120 min improved the reversible capacity from 35 to 65 mAhg-1 and further heat treatment at 
200 ºC improved to 69 mAhg-1. The heat treatment led to increase in ionic conductivity of the 
coating. Meanwhile, all-solid-state cells using a mixture of the sulfide electrolyte (20 min) coated 
LCO with sulfide electrolyte particles (90/10 wt%) delivered a much lower interfacial resistance 
and reversible capacity of 95 mAhg-1 which was also superior to cells with uncoated (20 mAhg-1) 
and LiNbO3-coated LCO (60 mAhg-1) mixed with sulfide electrolyte particles (Fig. 5c). This 
approach demonstrated effective formation of lithium-ion conducting pathway in the cathode 
composite for all solid-state batteries. In addition, this approach of sulfide coating on cathodes 
facilitates use of significantly less amount of sulfide electrolyte to form the cathode composite 
in comparison to the traditional approach of mixing sulfide electrolyte powder with cathode 
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powder to form the composite. This decrease in the amount of the sulfide electrolyte can 
contribute to increase in energy density of the all-solid-state batteries.

Fig. 5 LiCoO2 particles coated with pulsed layer deposited Li2S-P2S5 solid electrolyte. (a) 
Schematic showing the approach; (b) Elemental mapping of the solid electrolyte coated LiCoO2 
after 450 cycles; (c) Charge-discharge voltage profiles of all-solid-state cells In/solid-state 
electrolyte/LiCoO2 consisting of 90 wt% LiCoO2 and 10 wt% solid electrolyte particles using 
uncoated LiCoO2, LiNbO3-coated LiCoO2 and solid-electrolyte (20 min) coated LiCoO2. 
Reproduced with permission from Ref 77. Copyright (2011) Elsevier.

To further enhance the performance of the all-solid-state batteries, thin film coatings of 
sulfide electrolyte such as Li4GeS4-Li3PS4 that possess even higher ionic conductivity > 10-3 
Scm-1 at 25 ºC were considered78. Similar PLD method was employed to deposit the sulfide 
electrolyte on LiNbO3 coated LCO cathodes. Heat treatment of the sulfide coated LCOs led to 
enhancement in ionic conductivity as well as decrease in number of voids in the composite 
cathode electrode. This observation was complemented by (i) decrease in the interfacial 
resistance between the sulfide electrolyte coating layer and positive electrode, (ii) increase in 
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reversible capacity of In/80Li2S-20P2S5/LCO from 67 to 82 mAhg-1 and (iii) enhancement in the 
rate capability of the cells. 

Further, Aso et al.  explored the deposition of Li2S5 -P2S5 sulfide electrolyte coating on NiS 
grown on vapor grown carbon nanofiber (VGCF) by PLD as a composite electrode for all-solid-
state battery79. The VGCF facilitates continuous electronic conduction pathways in the 
composite electrode. The PLD deposited coating of 80Li2S-20P2S5 on the NiS-VGCF composite 
provides lithium ion conduction pathways for the NiS active material. The solid-state cell based 
on solid electrolyte coated NiS-VGCF composite/80Li2S-20P2S5/Li-In delivered high 2nd cycle 
discharge capacity of 240 mAhg-1 at 1 C rate versus cell compared to the uncoated NiS-VGCF 
with only 100 mAhg-1. This suggested the favorable electron and lithium ion conduction paths 
achieved by the sulfide electrolyte coated NiS-VGCF. Similarly, Xu et al. prepared 
MoS2/Li7P3S11 composite cathode by coating Li7P3S11 solid electrolyte layer on MoS2 particles 
using solution processing method80. The MoS2/Li7P3S11 electrode exhibited an initial discharge 
capacity of 868.4 mAhg-1 and reversible charge capacity of 669.2 mAhg-1 with Coulombic 
efficiency of 77.1% versus the untreated MoS2 electrode with initial discharge capacity of 740 
mAhg-1 followed by rapid capacity fade during cycling.

3.1.5. Sulfur-based nanocomposite positive electrode
A rather compatible cathode for a sulfide solid electrolyte would be the sulfur-based cathode 

as active material compared to the oxide cathodes. Hayashi et al. reported an approach to form 
nanocomposites of NiS active material with solid sulfide electrolyte 80Li2S-20P2S5 that 
accomplishes an intimate contact area between solid electrolyte and positive electrode for all-
solid-state batteries81. Nanosized NiS embedded into the 80Li2S-20P2S5 sulfide electrolyte was 
obtained by mechanochemical method. This approach of preparing the composite electrode 
delivered higher charge/discharge capacity compared to the cell with electrode formed by 
conventional mixing of electrode and electrolyte powders. Similarly, Li7P3S11 electrolyte 
particles anchored on cobalt sulfide nanosheets via an in situ liquid-phase approach was 
demonstrated by Yao et al. (Fig. 6a)82. The anchored nanosized Li7P3S11 electrolyte particles 
(with reduced particle size ~ 10 nm) onto the surface of cobalt sulfide nanosheets increased the 
contact area between the electrolyte and active materials, enabling reduction of interfacial 
resistance (Fig. 6c). The enhancement in interface led to an all-solid-state cell (Fig. 6b) 
exhibiting high rate capability (Fig. 6d,e) with 421 mAhg-1 at 1.27 mA cm-2 after 1000 cycles 
(Fig. 6f) and high energy and power densities of 360 Whkg-1 and 3823 Wkg-1 at current densities 
of 0.13 and 12.73 mA cm-2, respectively versus pristine cobalt sulfide cathode. 
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Fig. 6 Cobalt sulfide-Li7P3S11 nanocomposites as positive electrode. (a) schematic showing the 
synthesis process; (b) schematic showing the all-solid-state Li-ion battery under study; (c) 
Nyquist plots showing comparison of Cobalt sulfide-Li7P3S11 nanocomposites with cobalt 
sulfide at 1st and 1000th cycles at current density of 1.27 mAcm-2; Charge/discharge voltage 
profiles of the solid-state cells at various rates in voltage range of 0.5-3.0 V at 25 °C with (d) 
Cobalt sulfide-Li7P3S11 nanocomposites and (e) cobalt sulfide nanosheets; (f) Cycling 
performance of the cells. Reproduced with permission from Ref 82. Copyright (2016) American 
Chemical Society. 

The fact that Li-S battery technology employs sulfur which is also a constituent in sulfide 
electrolytes makes it appealing to explore sulfur positive electrode. Nagao et al. investigated the 
use of sulfur-carbon composite with Li2S-P2S5 sulfide electrolyte for all-solid-state Li-S 
batteries83. The composite of sulfur-carbon with Li2S-P2S5 was obtained by mechanical milling 
of sulfur (S), acetylene black (AB) and Li2S-P2S5 solid electrolyte (SE), which facilitated 
amorphization of sulfur reduction of the electrode particle size. The  all-solid-state Li-S cells of 
Li-In/80Li2S-20P2S5 glass-ceramic/S with three different composite S electrode were studied 
and compared namely, i) S+AB+SE (obtained by grinding all three in a mortar), ii) S-AB+SE 
(obtained by milling S and AB, followed by grinding S-AB composite and SE in mortar) and iii) 
S-AB-SE (obtained by milling the mixture of S-AB composite and SE). The cell with S-AB-SE 

Page 14 of 52Sustainable Energy & Fuels



15

electrode showed significant improvement in reversible capacity with charge/discharge capacity 
of 1550/1220 mAhg-1 (1st cycle) compared to S+AB+SE (<100 mAhg-1) and S-AB+SE (< 300 
mAhg-1). In addition, the cycling capacity of the cell with S-AB-SE electrode was excellent 
exhibiting reversible capacity of 853 mAhg-1 at 1.3 mAcm-2 and 996 mAhg-1 at 0.64 mAcm-2 for 
200th cycle. The superior performance was attributed to the intimate electronic contact and ionic 
contact formed among the three components, S, AB and SE achieved by the mechanical milling 
approach. The same group investigated the Li2S active material for all-solid-state Li-S battery 
using similar approach of mechanical milling to obtain Li2S composite electrode84. The  all-
solid-state In/80Li2S-20P2S5 glass-ceramic/Li2S with three different composite Li2S electrode 
were studied and compared namely, i) Li2S+AB+SE (obtained by grinding all three in a mortar, 
ii) Li2S-AB+SE (obtained by milling S and AB, followed by grinding S-AB composite and SE 
in mortar and iii) Li2S-AB-SE (obtained by milling the mixture of S-AB  composite and SE). 
The cell with Li2S-AB-SE electrode exhibited reversible capacity of 700 mAhg-1 for 10 cycles 
compared to Li2S+AB+SE (< 10 mAhg-1) and Li2S-AB+SE (only 170 mAhg-1). Further, the 
effect of particle size of Li2S active material was studied using non-milled (particle size >100 
µm) and milled (particle size < 1 µm) Li2S particles. The Li2S-AB-SE electrode with milled Li2S 
delivered higher reversible capacity of 795 mAhg-1 and a superior rate performance compared to 
the non-milled Li2S. The reduction of the particle size of Li2S and intimate contact between the 
three components Li2S, AB and SE contributed to the excellent performance of the all solid-state 
Li-S battery. Further, the microstructural changes of the Li2S-AB-SE composite electrode upon 
cycling was studied85. It was concluded that the Li2S active particles less than 10 nm were able 
to reversibly change from crystalline to amorphous upon lithiation and amorphous to crystalline 
upon delithiation, suggesting the reversible reaction of  taking place. It 𝐿𝑖2𝑆↔𝑆 + 2𝐿𝑖 + +2𝑒 ―

is significantly important to have the Li2S active particles less than 10 nm be well-dispersed in 
the composite electrode consisting of AB and SE particles. 

Han et al. introduced the concept of using a single material for all-solid-state batteries where 
they demonstrated use of LGPS as both anode and cathode after mixing with carbon additives 
(Fig. 7a,b)86. The Li-S and Ge-S components in LGPS can act as cathode and anode of the battery 
respectively. The area-specific interfacial resistance for the single-LGPS battery was comparable 
to that of the liquid electrolyte battery, despite the higher loading and larger thickness of the 
active material. High reversible capacities of 275 mAhg-1 and 253 mAhg-1 were observed for the 
LGPS as cathode and anode respectively with excellent rate capability performance (Fig. 7c-f). 
The single LGPS battery was able to exhibit a reversible capacity of 104 mAhg-1 (Fig. 7g). 
Similar concept can be explored for other solid electrolyte systems as well.
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Fig. 7 Single material for all solid-state battery. Schematic showing comparison between (a) 
typical and (b) single-material (Li10GeP2S12) all-solid-state battery; Charge/discharge voltage 
profiles of Li/LGPS/LGPS-C solid-state cells in voltage range of (c) 1.5-3.5 V for cathode and 
(d) 0.0-2.0 V for anode at current density of 10 mAg-1; (e, f) Charge/discharge voltage profiles 
of Li/LGPS/LGPS-C solid-state cells at different current densities; (g) Charge/discharge voltage 
profiles of the single-LGPS battery at current density of 10 mAg-1 in voltage range of 0.0-2.5 V. 
Reproduced with permission from Ref 86. Copyright (2015) John Wiley and Sons.

3.2. Cathode/Oxide electrolyte Interface
The high interfacial resistance at the cathode/electrolyte interface can be due to (1) poor contact 
between (a) active cathode material and solid electrolyte in the bulk of the cathode composite 
and (b) cathode layer and electrolyte layer, (2) electrochemical cycling instability between the 
cathode active material and solid electrolyte, and (3) volume change of the electrode materials 
causing interfacial stress/strain. This cathode/electrolyte interfacial problem is even more severe 
in the case of the ceramic oxides compared to their sulfide counterparts. The objective would be 
to obtain an excellent fine physical contact between the cathode and electrolyte. Numerous 
efforts have been reported on modification of this interface.

3.2.1. Vacuum deposition of a thin film cathode on oxides
One of the attempts to realize a good interfacial contact between solid oxide electrolytes with 
cathode has been the use of vacuum deposition of a thin-film cathode on the solid oxide 
electrolytes. Toyota R&D Labs Inc demonstrated use of pulsed laser deposited LCO cathode thin 
film (~ 500 nm) on top of Li6.75La3Zr1.75Nb0.25O12 (LLZONb)87. The cathode thin film deposition 
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approach demonstrated low interfacial resistance of 170 Ωcm-2 for LCO/LLZONb/Li cell that is 
comparable to that of Li-ion batteries with liquid electrolyte. The cell exhibited a 
charge/discharge capacity of 130/129 mAhg-1

, accounting to 90% of the theoretical capacity of 
LCO. Likewise, Matsuyama et.al reported a thin film electrode of amorphous TiS4 (α. TiS4) ( 
~400nm)  by pulse laser deposition on garnet type solid electrolyte88. The dense α. TiS4 electrode 
showed good contact between the electrode and the electrolyte with the conductivity of 1.0x

 at 25 °C. All solid-state cell of Li/LLZ/α. TiS4 at 25 °C showed reversible capacity 10 ―4 Scm ―1

of about 500 mAhg-1 of α. TiS4 at 0.010 mA cm-2 and good cycling performance for 15 cycles.  
A thin film of LCO was sputtered onto Li2O−Al2O3−SiO2−P2O5−TiO2−GeO2 (LICGC) 
NASICON-type glass ceramic solid electrolyte substrate and was annealed to observe the 
microstructural change in LCO cathode and LCO/electrolyte interface89. Solid-state cell with 
LCO/NASICON electrolyte interface showed stable performance during cycling. However, 
capacity fading was observed due to the degradation of the NASICON-type electrolyte in contact 
with the lithium metal anode. 

3.2.2. High temperature co-sintering of cathode with oxides 
The limitation of vacuum deposition of cathodes on oxides is the lower thickness of the cathodes. 
To realize higher bulk energy density, a much thicker cathode (~ 100 microns) would be 
required. A thicker cathode can be easily accomplished using the traditional slurry-based coating 
method. However, this conventional approach does not facilitate a sufficient interfacial contact 
of the coated cathode and the solid oxide. 

To address this, Goodenough et al. studied sintering of LCO on LLZO pellet at 700 °C and 
obtained a low capacity of only 35 mAhg-1(90), while the theoretical capacity of LCO is ~ 140 
mAhg-1. However, chemical instability between the cathode and LLZO is most likely to occur 
that again leads to a highly resistive interphase. This chemical instability was attributed to the 
elemental cross-diffusion and formation of a tetragonal LLZO phase at the interface. It is 
important to identify the reactions that take place between oxide cathode and oxide electrolytes, 
and their decomposition products in these high temperature cosintering approach to form dense 
cathodes. This can help for better interfacial design of a solid-state battery. Taking this into 
consideration, Miara et al. studied decomposition reactions that take place when cosintering high 
voltage spinel cathode materials Li2NiMn3O4 and Li2FeMn3O8 and LiCoMnO4 with 
Li6.6La3Zr1.6Ta0.4O12 (LLZTO).91 Thermal analysis techniques and X-ray diffraction along with 
ab initio calculations were employed for the study. It was found that the LLZTO was not 
compatible with spinel cathodes even at 600°C. The lithium and oxygen of the LLZTO were 
responsible to react with the cathodes to form insulation phases in the form of La2Zr2O7, La2O3, 
La3TaO7, TiO2 and LaMnO3 which contribute to increase the interfacial impedance. Liu et al. 
employed rapid thermal annealing technique of cathode on garnet by supplying voltage to a 
suspended rectangular piece of carbon paper (1 cm length, 0.8 cm width and 250 µm thickness) 
on glass substrate between two copper electrodes with conductive silver paste92. The garnet solid 
electrolyte was put on the glass substrate beneath the carbon paper during rapid thermal 
annealing, which decreased the interfacial charge transfer resistance from 2.5x104 Ωcm2 to 71 
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Ωcm2 at room temperature. Further, the interfacial resistance decreased by 5.5 times from 170 
to 31 Ωcm2 at 100 °C. 

3.2.3. Use of solid electrolyte into the cathode layer
The high chemical instability of LCO/LLZO interface at high temperature has been addressed 
by use of ionic conductor into the cathode. Ohta et al. in 2013 introduced sintering additive 
Li3BO3 (LBO) that is chemically stable with LCO and LLZONb93. LBO is an ionic conductor 
with a low melting point (ca. 700 ºC). The LBO when melted, enhances the physical contact of 
LCO with LLZONb and further facilitates conduction of Li+ ions between LCO and LLZO. The 
key is to use an interphase that is ionically conducting, electrochemically stable and wets both 
LLZO and LCO. This is not possible by using a sintering additive like LBO. Recently, an 
extremely low interfacial resistance was achieved by thermally soldering LCO and LLZO 
together. This was done by using Li2.3-xC0.7+xB0.3-xO3 (LCBO) that is formed by reaction between 
Li2.3C0.7B0.3O3 solder and the Li2CO3 coating (Fig. 8a)94. Li2CO3 is a spontaneously formed 
coating on surface of LLZO and LCO. Li2.3C0.7B0.3O3 powder was obtained by annealing Li2CO3 
and LBO in air at 650 °C for 10 h.  The Li2.3C0.7B0.3O3 was added into the cathode composite 
that reacts with Li2CO3 forming a conformal coating on both LCO and LLZO (Fig. 8b-d). The 
LCBO interphase has a much higher ionic conductivity compared to LBO and has excellent 
wetting properties. The slurry of cathode composite was coated on top of LLZO and annealed at 
700 °C for 1 h in air. The LCBO enabled complete separation between LCO and LLZO which 
suppressed the elemental diffusions and chemical reactions leading to its superior chemical 
stability. An all-solid-state Li/LLZO/LCO battery fabricated by implementing this approach 
demonstrated excellent cycling performance and stability with room temperature capacity of 94 
mAhg-1 at 0.05 C for 100 cycles (Fig. 8e) and initial reversible capacity of 106 mAhg-1 at 1C at 
100 °C. 
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Fig. 8 LCBO interphase-modified all-ceramic lithium battery. (a) schematic showing the 
engineered all-ceramic cathode/electrolyte interface; Cross-sectional SEM images of the cathode 
composite (Li2.3Co0.7B0.3O3 + LLZO@Li2CO3 + LCO@Li2CO3) coated on LLZO (b) before 
sintering and (c) after sintering at 700 °C; (d) cross-sectional SEM image at high magnification 
of the cathode composite after sintering at 700 °C; (e) Cycling capacity of the all solid-state 
interface-engineered Li/LLZO/LCO cell at 0.05 C at room temperature. Reproduced with 
permission from Ref 94. Copyright (2018) Cell Press.

Liu and coworkers found that doping Ta ions in LLZO could effectively enhance the ionic 
conductivity of the LLZO electrolyte95. 2.5 at% of Ta5+ ions were doped into the LLZO, which 
provided the ionic conductivity of ~10-3 Scm-1. LBO was employed in the cathode layer to 
provide good interfacial contact to assemble an all-solid-state battery. Maximum specific 
discharge capacity of 101.3 mAhg-1 at room temperature was obtained. A cohesive and highly 
conductive polymer electrolyte employed in cathode layer or inserted in the interface of 
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electrolyte/anode achieved a three-dimensional ionic conductive network in the cathode layer 
and superior interfacial contact of the electrolyte/electrodes (Fig. 9a)96. As shown in the Fig. 9b-
d, the SEM image of screen-printed cathode shows fluffy structure with uneven thickness, while 
the doctor bladed layers using PEO or PVdF as binder show more dense structure with uniform 
thickness. The electrochemical impedance spectroscopy (EIS) measurements of 
cathode/LAGP/cathode symmetrical cells as shown in Fig. 9e-g show that the impedance values 
for screen-printed LiFePO4 (LFP) cathode is almost 200 times of that with PEO at 60 °C (15380 
Ωcm2 v/s 77 Ωcm2) and 5 times when compared to cathode with PVdF in it at 60 °C (~15380 
Ωcm2 v/s 2690 Ωcm2). Consequently,  all-solid-state battery LiFePO4/Li employing NASICON-
type ionic conductor covered with PEO-based polymer exhibits excellent interfacial 
compatibility, ultra-long cycle life  with high  reversible discharge capacity maintained  at  127.8  
mAhg-1 for  the  1000th cycle  at  1  C (Fig. 9h), along with a retention of 96.6%, and an initial 
discharge capacity of 153.4 mAhg-1 with a high retention of 99.9% after 200 cycles at 0.1 C. 
Similarly, Zha et al. proposed LLZO-based membrane electrolyte where small amount of 
polymer binder was used to bind the LLZO particles97. The LLZO-based electrolyte layer was 
coated on top of cathode and was hot pressed to compact the structure of the electrolyte/cathode. 
The ionic conductivity of LLZO-PEO (9:1) before hot press showed an ionic conductivity of 
6.39x 10-4 mScm-1 at 30 °C while hot pressing improved the conductivity to 4.26x 10-3 mScm-1 

at 30 °C and 2.17x10-2 mScm-1 at 60 °C. An all-solid-state Li/90LLZO-10PEO/LiFePO4 battery 
exhibited good cycling performance with discharge capacity of 148.3 mAhg-1 at 0.1 C after 50 
cycles at 60 °C and 96 mAhg-1 at 25 °C.

The solid-state electrolyte requirements of high modulus to block Li-dendrite formation at 
Li-metal anode side and flexibility for good interfacial contact at cathode side are the main 
bottlenecks for its application. Thus, solid-state electrolytes that can incorporate features of both 
solid polymer electrolyte and inorganic ceramic electrolyte which can mitigate or minimize the 
interface resistance and dendrite growth respectively is the current requirement to recognize an 
efficient all-solid-state battery. Duan et al. employed in situ polymerization technique to 
assemble a lithium metal battery based on an asymmetric solid electrolyte (ASE) 98. A stack of 
cathode LiFePO4, precursor solution of polymerization, LLZO-coated separator and Li metal 
anode was prepared and heated at 80 °C for 48 h to accomplish the polymerization process. The 
precursor solution consisted of polymer monomer poly(ethylene glycol) methyl ether 
acrylate/LiTFSI/heat initiator BPO. Thus, prepared ASE had Li-ion conductivity of 1x10-4 Scm-1 
at 55 °C and wide electrochemical window up to 4.8 V. The SEM and EPMA-EDS analysis 
showed good adhesion of electrodes with electrolyte. The bulk resistance and charge transfer 
resistance of battery assembled with the ASE at 55 °C were 49.68 and 609.8 Ωcm2, respectively 
which were lower than those of LFP/LLZTO/Li batteries. The LFP/ASE/Li battery showed high 
initial discharge capacity of 160.6 mAhg-1 and initial coulombic efficiency of 99.17% at 0.2 C 
and 55 °C. 
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Fig. 9 Composite electrolyte based on coating of PEO-based solid polymer electrolyte on LAGP 
pellets. (a) Schematic showing an all-solid-state Li/composite electrolyte/LiFePO4 cell; Cross-
sectional SEM images of the LAGP/LFP interface prepared by (b) screen printing, (c) doctor-
blade with PEO, and (d) doctor-blade with PVDF; Nyquist plots of the cathode/LAGP/cathode 
symmetrical cells for which cathode was prepared by (e) screen printing, (f) doctor-blade with 
PEO and (g) doctor-blade with PVDF; (h) Long term cycling performance of all-solid-state 
Li/composite electrolyte/LiFePO4 cell at 1C, 60 °C. Reproduced with permission from Ref 96. 
Copyright (2017) Royal Society of Chemistry.

3.2.4. Surface coating
Modifying the interface by a suitable coating layer is another successfully demonstrated 
technique. Kato et al. introduced a thin Nb layer (~ 10 nm) on both sides of the LLZO pellet by 
RF sputtering and subsequently deposited LCO on the Nb-modified surface by PLD (Fig. 10a)99. 
The Nb-deposited LLZO pellet was heated at 873 K for 2h in O2 environment. The introduction 
of the Nb layer leads to the formation of a Li+ conductive amorphous phase at LLZO/LCO 
interface. This Li-Nb-O amorphous layer fulfills two purposes i) prevents cross diffusion of La 
and Co and formation of non-Li+ conductive phase such as La2CoO4 and ii) fills the voids 
between LLZO and LCO. This led to a decrease in interfacial resistance from 2600 Ωcm-2 to 150 
Ωcm-2 (Fig. 10b) and high rate capability of Li/LLZO/LCO all-solid-state battery (Fig. 10c). 
Wang et al. reported a unique and effective mixed ionic-electronic (MIE) conducting cathode-
garnet interface which showed enhanced Li transport after slow pre-lithiation100. The TiS2 and 
P3-CNTs were sonicated and dispersed in N-Methyl-2-pyrrolidone (NMP) solvent and coated 
on garnet solid state electrolyte (SSE). The carbon nanotubes provide channels for global 
electron transport whereas TiS2 assists in local electron transport in the design. After pre-
lithiation process, the layered TiS2 structure enhances the Li ion transport. Variation in EIS 
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spectra according to temperature was observed for solid-state batteries. As the temperature was 
varied from 60 °C to 150 °C, the electrolyte/electrode interfacial resistance decreased from more 
than 6000 Ωcm2 to less than 100 Ωcm2. 

Fig. 10 Surface modification using Nb. (a) schematic of the approach; (b) Interface resistance as 
a function of Nb layer thickness; (c) Rate capability curves comparing the Nb-modified 
Li/LLZO/LCO cells vs non-modified. Reproduced with permission from Ref 99. Copyright 
(2014) Elsevier.

3.2.5. Porous garnet interface structure
An interesting technique was reported which utilizes porous interface of garnet electrolyte that 
can facilitate intimate accommodation of the electrode material into the garnet electrolyte (Fig. 
11a)101. A sacrificial organic template was employed on dense c-Li6.25Al0.25La3Zr2O12 pellets 
which on sintering at high temperature at 1075 °C under an O2 rich environment resulted into a 
porous interface. The LTO electrode slurry consisting of LTO, c-Li6.25Al0.25La3Zr2O12 powder, 
conductive carbon and PVDF binder was then casted on to the thus formed porous pellet surface. 
The casted electrode is intimately embedded into the pores of the pellet, in contrast to the flat 
pellet and electrode interface for the non-modified cell (Fig. 11b). The interface engineered all 
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solid-state battery showed significant decrease in resistance (Fig. 11c) and thus exhibited higher 
discharge capacity compared to the non-modified battery (Fig. 11d). 

Fig. 11 Porous interface of c-Li6.25Al0.25La3Zr2O12 garnet structure. (a) Schematic showing non-
modified and modified interfaces; (b) experimental approach to obtain the porous interface on 
dense pellets; (c) Cross-sectional SEM images of the interface of the pellet with LTO; (d) 
Nyquist plots of all-solid-state cells with LTO and Li metal electrodes with non-modified and 
modified interface; (e) Charge/discharge voltage profiles of the non-modified and interface 
engineered all-solid-state cells. Reproduced with permission from Ref 101. Copyright (2016) John 
Wiley and Sons. 

3.2.6. Plastic crystal interlayer
Lu et al. employed plastic crystal interlayer which are based on succinonitrile with a 

fluoroethylene carbonate additive to modify the electrode|Ta-doped-LLZO (LLZTO) interface 
and enhance Li+ ion transport in it (Fig. 12a-e) 102. The area-specific resistance (ASR) at the 
interface for Li|LLZTO|LiFePO4 battery dropped from ~13,000Ωcm2 to ~560Ωcm2 after coating 
the interlayer. This interlayer incorporated battery can cycle over 50 cycles maintaining capacity 
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of 140 mAhg-1 at room temperature (Fig. 12f). Further, the total drop in resistance for Li 
symmetrical cells was by factor of 16 between coated (~100 Ωcm2) and uncoated cell (~1600 
Ωcm2).

Fig. 12 Plastic crystal interlayer based on succinonitrile (SN) with fluoroethylene carbonate 
(FEC) additive. (a) Schematic of interlayer preparation; Cross-sectional SEM images of 
LiFePO4/LLZTO interface (b) without and (d) with interlayer; Schematic showing Li+ transport 
at the LiFePO4/LLZTO interface (c) without and (e) with interlayer; (f) Rate capability of the 
all-solid-state Li./LLZTO/LiFePO4 cell with SN+FEC as interlayer. Reproduced with 
permission from Ref 102. Copyright (2019) Elsevier.

3.3.  Lithium/Sulfide electrolyte interface
Most sulfide electrolytes with high ionic conductivity are chemically unstable with lithium 
metal. This interface instability leads to formation of lithium dendrites along the voids and grain 
boundaries in these sulfide electrolytes. The decomposition products at the interface have much 
lower ionic conductivity and higher electronic conductivity, thus making the interphase 
vulnerable to lithium dendrite growth as well. One of the strategies to reduce the electrochemical 
reduction of sulfide electrolytes has been the use of lithium alloys with a higher 
lithiation/delithiation potential103. However, this lithium alloy significantly compromises the 
maximum cell energy density that the lithium metal anode can deliver. Therefore, it is critical to 
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find alternative approaches to address this interfacial instability in order to realize the use of 
sulfide electrolytes with lithium metal. Several promising approaches have been applied which 
are further discussed.

3.3.1. Surface coating
Tatsumisago et al. modified the interface of Li2S-P2S5 sulfide solid electrolyte by inserting an 
Au thin film between the electrolyte and Li metal via thermal evaporation104. The use of this Au 
film helped to achieve a higher utilization of Li metal with galvanostatic cycling of the 
symmetrical cells compared to that without the Au film. Similarly, the group studied insertion 
of an indium thin layer in between Li and Li2S-P2S5 sulfide solid electrolyte105. Lithium-indium 
alloy possesses a high lithium ion diffusion coefficient. The deposition of the indium layer 
demonstrated good cyclability and rate capability for Li/LTO solid state cells. Similarly, Xu et 
al. introduced an in situ formed LiH2PO4 protective layer on Li metal surface by spin casting 
different concentration of phosphoric acid solution in THF106. This protective layer improves the 
chemical stability of LGPS to Li metal by preventing the migration of mixed ionic-electronic 
reactants into the LGPS, thus limiting the interphases. Symmetrical cell showed low 
overpotential with cycling over 950 h at 0.1 mAcm-2. Further, a solid-state cell based on 
LCO/LGPS/Li with the engineered interface demonstrated excellent cycling performance with 
131.1 and 113.7 mAhg-1 for the 1st and 500th cycle respectively. 

Aliovalent substitution of Li4SnS4 to form Li3.833Sn0.833As0.166S4 solid electrolyte that has a 
higher ionic conductivity of 1.39 mScm-1 at room temperature as well as excellent air stability 
was reported107. However, this modified sulfide electrolyte was also unstable or compatible with 
metallic Li electrode. To address this, the surface of the solid electrolyte was chemically 
passivated with a Li-compatible composite of 3LiBH4.LiI in THF solvent. This surface 
modification led to a stable cycling of the symmetrical cells, demonstrating the compatibility of 
the passivated electrolyte with the metallic lithium. Xu et al. introduced a combination of two 
approaches to prevent the growth of Li dendrites, namely, i) LiF or LiI interface layer between 
Li and sulfide electrolyte and ii) methoxyperfluorobutane (HFE) (or I solution) to penetrate into 
the solid sulfide electrolyte (Fig. 13a)103. In addition to the dendrite suppression facilitated by 
the LiF or LiI interface layer, the infiltrated HFE (or I) in the sulfide electrolyte can consume the 
lithium dendrites forming LiF (or LiI), thus forming a stable and compatible interface of sulfide 
electrolyte with lithium (Fig. 13b). The interface modified Li symmetrical cells exhibited much 
lower interfacial impedance compared to the non-modified cells (Fig. 13c). An all-solid-state 
lithium battery of LiNbO3 coated LiCoO2/Li7P3S11/Li was assembled with HFE infiltrated 
sulfide electrolyte and LiF coated Li metal which demonstrated reversible capacity of 118.9 
mAhg-1 and retention of 96.8 mAhg-1 after 100 cycles (Fig. 13d). 
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Fig. 13 Interface engineering using LiF (or LiI) interphase layer and HFE (or I solution) 
infiltrated sulfide electrolyte. (a) Schematic showing the interface modification; (b) Schematic 
showing lithium stripping/plating process of bare and interface modified Li metal; (c) Nyquist 
plots of Li symmetrical cells based on pristine and interface modified Li7P3S11 sulfide 
electrolyte; (d) Cycling performance of LCO-based all-solid-state battery using without and with 
interface modification at 0.1 mAcm-2 at 25 °C. Reproduced with permission from Ref 103. 
Copyright (2018) Elsevier.

Wang et al. introduced use of molecular layer deposition (MLD) to deposit an inorganic-
organic hybrid interlayer (alucone) on lithium metal surface as an artificial SEI layer108. The 30 
MLD cycles alucone coating on Li metal displayed almost stable interfacial resistance with total 
minimum resistance compared to bare Li metal, suggesting suppression of interfacial reactions 
at the interface between Li10SnP2S12 sulfide electrolyte and Li metal. Longer cycling was 
exhibited for plating/stripping process of Li symmetrical cells by the 30 MLD cycles alucone 
coated Li metal in comparison to bare Li. Further, an all-solid-state cell using this modified Li 
metal delivered a high initial capacity of 120 mAhg-1, retaining 60 mAhg-1 after 150 cycles. 
Similarly, an efficient technique to stabilize the Li/LGPS interface by modifying surface of the 
lithium electrode with a nanocomposite interphase consisting of organic (LiO-(CH2O)n-Li) and 
inorganic (LiF, -NSO2-Li, Li2O) salts was demonstrated by Guo et al. (Fig. 14a,b)109. This 
interphase was developed by in situ electrochemical reduction of a liquid electrolyte on the Li 
metal. This interphase can serve as an interfacial protective layer facilitating prevention of LGPS 
reduction by Li during cycling and thus stabilizing the Li/LGPS interface. Further, this 
interphase also enables fast ion conduction at the interface. Using this interphase, Li/LGPS/Li 
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symmetrical cell demonstrated cycling of over 3000h (Fig. 14c) and Li/LGPS/TiS2 full cell 
achieved improved cycling stability over 200 cycles compared to bare Li (Fig. 14d). 

Fig. 14 Modification of lithium metal surface using Li salt-based organic-inorganic 
nanocomposite interphase. Schematics showing (a) poor interface and (b) stable interface 
between Li and LGPS; (c) plating/stripping voltage profiles of Li/Li symmetrical cells with 
different electrolyte compositions; (d) Cycling performance of all-solid-state Li/LGPS/TiS2 full 
cells comparing bare Li and nanocomposite-stabilized Li. Reproduced with permission from Ref 
109. Copyright (2018) John Wiley and Sons. 

Philip et al. introduced use of solvate coated sulfide electrolytes using lithium 
bis(trifluoromethane sulfonyl)imide and a highly fluorinated ether solvate electrolyte110. Two 
thiophosphates namely, Li7P3S11 (LPS) and LGPS were examined for this purpose. Different 
observations were observed for these two types of electrolytes. Cell resistance with time was 
found to decrease for solvate-LGPS (compared to LGPS) but increase for solvate-LPS 
(compared to LPS). This was attributed to solvate permeation into the bulk of LGPS. While LPS-
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) layer was formed on the surface of 
LPS pellet, attributed to its higher solubility in TTE. Cyclic voltammetry tests showed much 
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enhanced current density for solvate-LGPS compared to LGPS, while the solvate-LPS showed 
much better cycling stability (100 cycles) versus LPS (2 cycles). 

3.3.2. Elemental Substitution/Doping
Despite the highest ionic conductivity displayed by sulfide solid electrolytes such as LGPS, its 
structural stability needs to be improved, which will further improve the electrochemical stability 
against Li metal. Yang et al. reported partially substituting Li sites by divalent Ba metal ions to 
realize high structural stability of LGPS111. It was observed that Li0.9Ba0.3GeP2S12, although 
demonstrates a lower ionic conductivity of 7.04×10-4 Scm-1 vs LGPS with 1.43×10-3 Scm-1, the 
symmetrical cells with the modified LGPS demonstrated much reduced polarization. This further 
implied the enhancement in structural stability of LGPS owing to the strong coulombic 
interaction between Ba2+ and S2- sites as was indicated by the blue shift observed in Raman 
spectra. Better thermodynamic stability is expected, with chemical bonds between Ge/P-O being 
stronger than the Ge/P-S. With this in view, Sun et al. partially substituted sulfur by oxygen to 
form oxysulfide Li10GeP2S12-xOx solid electrolyte112. It was confirmed that the oxygen 
substitution takes place at S(1) positions leading to local structural change in the PS4 tetrahedra. 
High ionic conductivities of 1.03×10-2 to 8.43×10-2 Scm-1 were observed for Li10GeP2S11.7O0.3 

and Li10GeP2S11.4O0.6 systems vs the LGPS with 1.02×10-2 Scm-1 along with excellent 
electrochemical stability in voltage range of 0-10 V vs Li/Li+. All solid-state cells based on 
LiNbO3 coated LCO/Li with the modified LGPS solid electrolyte showed better cycling 
performance compared to LGPS. 

Xu et al. introduced MoS2 doped Li2S-P2S5 glass ceramic sulfide solid electrolyte produced 
by high energy ball milling and annealing113. The doped sulfide electrolyte Li7P2.9S10.85Mo0.01 
maintained the structure of the Li7P3S11 sulfide family and delivered higher ionic conductivity of 
4.8 mScm-1 at room temperature vs Li7P3S11 (Fig. 15a,b). Further, Li7P2.9S10.85Mo0.01 exhibited 
better compatibility with lithium metal with lower interfacial impedance and significantly 
suppressed side reactions in the voltage range of 4-5 V (vs Li/Li+) compared to the Li7P3S11 (Fig. 
15c-e). This led to better cycling performance of all-solid-state Li-S batteries based on the doped 
sulfide electrolyte with discharge capacity of 1020 mAhg-1 compared to the Li7P3S11 with 775 
mAhg-1 (Fig. 15f). While, Liu et al. introduced aliovalent substitution of Li3PS4 sulfide 
electrolyte by Zn, O co-doping using 2 mol% ZnO, where Zn2+ substitutes partial P5+ and O2- 
substitutes partial S2-.114 In addition to the structural stability and high ionic conductivity of 1.12

10-3 Scm-1 at room temperature (Fig. 16a,b), the thus developed Li3.06P0.98Zn0.02S3.98O0.02 ×
sulfide electrolyte also demonstrated excellent stability against lithium metal as well as in air 
(Fig. 16c). An all-solid-state cell using bilayer electrolytes with 
LiCoO2/Li10GeP2S12/Li3.06P0.98Zn0.02S3.98O0.02/Li (as shown in Fig. 16d) showed an initial 
capacity of 139 mAhg-1 at 0.1 C with a retention of 81.0% after 100 cycles at room temperature 
compared to LiCoO2/Li10GeP2S12/ Li3PS4/Li cell with 127.7 mAhg-1 with 37.7% retention after 
60 cycles (Fig. 16e). Similarly, sulfur substitution by oxygen in argyrodite sulfide solid 
electrolyte Li6PS5Br where, O atoms substituted S atoms at the free S2- sites rather than at PS4 
tetrahedra was reported by Zhang et al.115. The O-doped Li6PS4.7O0.3Br solid sulfide electrolyte 
showed better electrochemical and chemical stability against metallic lithium than Li6PS5Br. 
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Further, all-solid-state cells comprising of NCM-811/Li6PS4.7O0.3Br/Li-In exhibited enhanced 
capacities and rate capability compared to NCM-811/Li6PS5Br/Li-In. 

Fig. 15 MoS2 doping of Li2S-P2S5 glass-ceramic electrolyte. (a) XRD patterns (b) Arrhenius 
conductivity plots (c) Nyquist plots of Li7P3S11 and Li7P2.9S10.85Mo0.01; Cyclic voltammetry 
curves of Li symmetrical cells employing (d) Li7P3S11 and (e) Li7P2.9S10.85Mo0.01, (Inset shows 
modified view between 4-5 V); (f) Cycling performance of all-solid-state Li-S batteries using 
Li7P3S11 and Li7P2.9S10.85Mo0.01 at C/20 at room temperature. Reproduced with permission from 
Ref113. Copyright (2017) Royal Society of Chemistry. 
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Fig. 16 ZnO-doped Li3PS4 sulfide electrolyte. (a) XRD patterns of Li3+3xP1-xZnxS4-xOx ad 
0.98Li3PS4-0.02ZnO; (b) Cyclic voltammetry curve of Li3.06P0.98Zn0.02S3.98O0.02 in potential 
range of -0.5V to 6 V (vs Li/Li+); (c) Cycling performance of the all-solid-state cell based on 
the doped and undoped Li3PS4 at 0.1 C at room temperature. Reproduced with permission from 
Ref 114. Copyright (2019) Elsevier.

Lu et al. added Li2ZrO3 as a dopant to 70Li2S-30P2S5 glass ceramic sulfide electrolyte to 
obtain a series of (100-x)(70Li2S-30P2S5)-xLi2ZrO3 (x = 0, 1, 2, 5), where 1 mol% of Li2ZrO3 
was found to be the optimum amount116. The 99(70Li2S-30P2S5)-1Li2ZrO3 demonstrated higher 
ionic conductivity of 2.85 × 10−3 Scm−1 at room temperature compared to the pristine Li2S-P2S5 
with 1.65 × 10−3 Scm−1. An all-solid-state battery employing the modified electrolyte 
demonstrated higher discharge capacities by 21.9% for the 50th cycle and lower interfacial 
resistance between the electrodes and the solid electrolyte, which was attributed to the high 
lithium ion diffusion coefficient and stable crystal structure of Li2ZrO3. Tatsumisago’s group 
reported use of P2O5 to prepare 70Li2S · (30 − x)P2S5 · xP2O5 (mol%) oxysulfide glass ceramics, 
prepared by melt quenching method where the glass ceramics were heated at temperature above 
the crystallization temperature117-119. The oxysulfide glass ceramic exhibited higher ionic 
conductivity and improved electrochemical stability. Tao et al. reported similar P2O5 doping of 
the 75Li2S·25P2S5 sulfide solid electrolyte, prepared by mechanical milling and heating120. An 
enhanced ionic conductivity of 8×10−4 Scm−1 at room temperature was observed for 
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75Li2S·24P2S5·1P2O5 electrolyte. Cyclic voltammetry tests showed that the lithium 
deposition/dissolution reactions take place at 0-0.5 V range, while no peaks were observed in 
0.5-10 V range, indicating the compatibility of the electrolyte with metallic lithium. Further, 
lithium symmetrical cell tests indicated lower polarization for the 
75Li2S·24P2S5·1P2O5 electrolyte compared to pristine 75Li2S·25P2S5, further demonstrating its 
compatibility with metallic lithium. All-solid-state Li battery with LiCoO2/75Li2S·24P2S5·1P2O5 
delivered a higher discharge capacity of 109 mAhg-1 at 0.1 C with retention of 85.2% after 30 
cycles compared to the pristine 75Li2S·25P2S5 electrolyte with 84.6 mAhg-1 at 76.2% retention. 

Similarly, Sb2O5 doping of Li3PS4 sulfide electrolyte was studied with a series of Li3P1-

xSbxS4-2.5xO2.5x electrolytes prepared by high energy ball milling followed by heat treatment121. 
Among the several electrolytes studied, the Li3P0.98Sb0.02S3.95O0.05 (x = 0.02) showed the highest 
ionic conductivity of 1.08 mScm-1 compared to Li3PS4 with 0.5 mScm-1. In addition, the doped 
electrolyte also exhibited no reactions up to 5 V, except the lithium deposition and dissolution 
reactions under 0.5 V. For lithium symmetrical cell tests, the doped electrolyte showed superior 
stability with steady voltage profiles compared to the pristine electrolyte. All-solid-state batteries 
with LiCoO2/bilayer electrolyte Li10GeP2S12/doped or pristine Li3PS4/Li showed much higher 
discharge capacity of 133.7 mAhg-1 at 0.1 C for the doped electrolyte compared to pristine with 
127.7 mAhg-1. In addition, much faster capacity fading was observed with the pristine electrolyte 
which demonstrated a retention of 36.1% after 50 cycles, while the doped electrolyte retained 
78.6%. This can be ascribed to the side reactions at the Li3PS4/Li interface that form Li2S layer.

Transition metal phosphides have been explored as anode materials for battery applications 
owing to their high conductivity, low polarization and low volume change during cycling. The 
Li3P formed after Li intercalation into the metal phosphide has high Li+ conductivity and lithium 
metal stability. With this into consideration, Ge et al. investigated the doping of Li7P3S11 using 
Ni2P122. Among the series of electrolyte (100-x) (70Li2S-30P2S5)-xNi2P (x = 0, 1, 2, 3, 4) tested, 
Li7Ni0.2P3.1S11 exhibited the highest ionic conductivity of 2.22 mScm-1 at room temperature, 1.6 
times higher than the pristine Li7P3S11. A more smoother CV curve for the Li7Ni0.2P3.1S11 
depicted that the presence of Ni2P has better compatibility with the lithium electrode. An all-
solid-state Li-S battery was fabricated with Li2S as anode which demonstrated initial discharge 
capacity of 429 mAhg-1 at 0.064 mAcm-2 and 454 mAhg-1 after 20 cycles.

3.3.3. Solution processed sulfide electrolytes
Finding a facile, efficient and cost-effective method to form the solid electrolytes is crucial. A 
liquid based synthesis and processing route can be one of the methods. It is important that the 
solvent used during the processing is not reactive towards the Li metal. With this into 
consideration, Liu et al. demonstrated synthesis of thin film Li3PS4 sulfide electrolyte by solution 
processing123. This involved casting a β-Li3PS4 solution on to Li metal that was formed by 
reaction between soluble polysulfides and P2S5 in diethylene glycol dimethyl ether solvent. A 
thin and dense solid electrolyte with a high-quality interface with Li metal was formed. Excellent 
electrochemical stability against Li metal and stable cycling of symmetrical cells was observed.
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3.3.4. Hybrid of sulfides with polymer
A hybrid of solid sulfide electrolyte Li7P3S11 (LPS) with polymer composite of polyethylene 
oxide-LiClO4 was demonstrated by Xu et al. (Fig. 17a)124. The polymer not only was able to 
facilitate Li+ transport between the sulfide electrolyte particles and increase the ionic 
conductivity, but also suppress the reaction between metallic lithium and the sulfide electrolyte 
by isolating the two (Fig. 17c,d). This enabled a Li-S battery using the hybrid electrolyte (Fig. 
17b) to achieve a much better cycling stability with discharge capacity of 394 mAhg-1 after 60 
cycles and retention of 47.7% in comparison to the LPS electrolyte with only 6.1 mAhg-1 and 
0.8% retention (Fig. 17e). Likewise, Zhang et al. introduced a hybrid of argyrodite sulfide 
electrolyte Li6PS5Cl with poly(ethylene oxide) (PEO) to address poor mechanical strength of the 
electrolyte and its unstable interface with lithium125. Although the pristine Li6PS5Cl has the 
highest ionic conductivity, addition of the polymer was able to form a stable interface with 
lithium, attributed to the enhanced mechanical property of the sulfide electrolyte. No changes 
were observed in bulk of the electrolyte after cycling. While, the Li/sulfide electrolyte interface 
with 5 wt% PEO showed no new solid electrolyte layer formation, thus achieving lower variation 
of interfacial resistance after cycling. All-solid-state Li-S battery fabricated with 
LiNi0.8Co0.1Mn0.1O2 (NCM) as cathode and hybrid electrolyte with 5 wt% PEO exhibited 
superior capacity retention of 44% after 500 cycles compared to pristine Li6PS5Cl with 27%.

Fig. 17 Hybrid Li7P3S11/PEO-LiClO4 electrolyte. (a) Schematic showing composite preparation 
process; (b) Schematic of an all-solid-state Li-S cell based on the composite electrolyte; (c) 
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Cyclic voltammetry curves of Li/electrolyte/stainless steel cells; (d) Voltage profiles of Li-Li 
symmetrical cells based on the LPS and the composite electrolyte; (e) Cycling performance of 
all-solid-state Li-S cells based on LPS and the composite electrolyte. Reproduced with 
permission from Ref124. Copyright (2018) Elsevier.

3.4. Lithium/Oxide Electrolyte Interface
Among the solid-state electrolytes, garnet-type oxide electrolytes demonstrate the lowest 
reduction potential against the metallic lithium and the most thermodynamically stable interface 
with the lithium126. However, the rigid ceramic nature of the garnet-based solid-state electrolytes 
leads to the large interfacial impedance. A rather simple method to reduce the large interfacial 
resistance is addition of liquid electrolyte at the interface which is known as solid-liquid hybrid 
electrolyte interface. Wang et al. presented a quantitative analysis of required volume of liquid 
electrolyte (1M LiPF6 in ethylene carbonate (EC)/ dimethyl carbonate (DMC)/ diethyl carbonate 
(DEC) with a volume ratio of 1:1:1) in the interface between electrode and Li1.4Al0.4Ti1.6(PO4)3 
(LATP) solid electrolyte pellet by measuring the interfacial properties of the thus prepared 
cells127. The analysis showed that interfacial resistance of the cell while using 1µL of the liquid 
electrolyte is about 1000 Ω whereas, increasing the liquid electrolyte volume to 2 µL leads to 
decrease of interfacial resistance to 275 Ω. However, addition of any amount of liquid electrolyte 
would compromise the merits of an all-solid-state battery.

The general practice of pressing Li foil into LLZO garnet pellets can be used for analyzing 
interfacial resistance, while adding heat during the pressing can further enhance the effectiveness 
of the process. Wang and Sakamoto tested Li|LLZO|Li symmetric cells and showed a strong 
relationship between the interfacial resistance and adhesive strength of Li-LLZO interface, 
σadh

128. For the highest interfacial resistance of 330 kΩcm2 in the study, σadh of 1.1 kPa was 
observed, while the lowest interfacial resistance of 7Ωcm2 showed the σadh of 8MPa. The other 
approach is heating or melting of the lithium metal on top of the garnet electrolytes. However, 
this process leads to small microscopic gaps at the interface, which is due to the poor wetting 
between the garnet solid-state electrolyte and molten lithium metal. Therefore, the reduction in 
the interfacial impedance is not optimum. Several methods have been studied to address the 
chemical stability and high interfacial impedance of the garnet oxides with the lithium metal, 
which are discussed further.

3.4.1. Surface polishing of the air-exposed oxides
It has been reported that oxide type garnets such as Ta-doped LLZO reacts with humid air 
forming an insulating Li2CO3 layer on its surface which decreases ionic conductivity129. Cheng 
et al. claimed that high interfacial impedance is due to the natural formation of Li2CO3 on the 
garnet solid-state electrolytes such as LLZO when exposed to air130. Surface polishing of the air 
exposed LLZO pellets was performed by using polishing papers with grit numbers ranging from 
300 to 600, removing 50 µm thick layer from the surface. This approach led to the achievement 
of a very low interfacial area specific resistance of 109 cm2. Further, Li et al. attributed the Ω
large interfacial resistance in the garnet/Li interface to (1) blocking of Li+ transfer at interface 
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due to Li+/H+ exchange at the garnet surface; (2) formation of insulating Li2CO3 layer on garnet 
surface; (3) Li-Al-O glassy phase on the garnet surface131. The group introduced carbon which 
reacts with Li2CO3 on the garnet surface when sintered at 700°C for 10 h, converting the garnet 
pellets from yellow into pure white. Interfacial resistance of 28 and 9 Ωcm2 at 25°C and 65°C 
respectively were obtained for Li/LLZT-C/Li symmetric cells in comparison to Li/LLZT/Li cells 
with 1210 and 725 Ωcm2 at 25 and 65°C, respectively.

3.4.2. Control on microstructure and grain boundary
Another method is to control the garnet’s microstructure and grain boundary sizes. LLZO 
heterostructures with controlled compositions and microstructures were used to corelate the 
microstructures of solid ceramic LLZO electrolyte with interfacial resistances132. Interesting 
observation was done that showed a very low interfacial resistance of 37 cm2 and improved Ω
cycling performance for samples with small grains compared to large grain sizes. 

3.4.3. Surface coatings
The surface of LLZO is lithiophobic, therefore conversion to a lithiophilic surface is essential to 
establish proper surface contact between LLZO and lithium metal. Lu et al. employed a simple 
approach of forming a stable SEI by immersing LLZTO-LZO surface in a molten Li-Al alloy133. An 
Al rich interface is spontaneously formed which helped to achieve a low interfacial resistance of less 
than 1 Ω cm2. Symmetrical cell tests revealed a stable cycling up to 3000 h with high critical current 
density of 2.3 mAcm-2 at 60 ˚C. Lu and coworkers employed an ultrathin amorphous Si coating on 
LLZO (Li6.85La2.9Ca0.1Zr1.75Nb0.25O12) garnet solid electrolyte using plasma enhanced chemical 
vapor deposition134. The Si coating converted the superlithiophobic LLZO surface into 
superlithiophilic, attributed to formation of lithiated Si formed by reaction between Li and Si. 
This was reflected on to the interfacial resistance between Li and LLZO, which reduced from 
925 to 127 Ωcm2 when compared to the uncoated LLZO. Similarly, the group deposited a thin 
germanium (Ge) layer on LLZO garnet by electron beam evaporation which forms a Li-Ge alloy 
upon contact with the lithium metal135. Similar reduction in interfacial resistance was observed 
with Ge-modified garnet showing 115 Ωcm2 vs 900 Ωcm2 for the uncoated LLZO. Full cell 
employing Ge-modified garnet coupled with LiFePO4 cathode and Li metal demonstrated 
comparable cycling performance at room temperature to liquid electrolyte. 

An ultrathin coating of aluminium oxide (Al2O3) was deposited on garnet 
Li7La2.75Ca025Zr1.75Nb0.25O12 (LLCZN) by atomic layer deposition (ALD) (Fig. 18a)136. The 
Al2O3 coating led to (1) improved wetting of the metallic lithium and LLCZN (Fig. 18b), and 
(2) the lithiated-Al2O3 interface provided an effective lithium ion transport between the lithium 
metal anode and the LLCZN. This approach led to a significant reduction in the interfacial 
impedance from 1,710 cm2 to 1 cm2 at room temperature (Fig. 18c). The Li/LLCZN/Li Ω Ω
symmetrical cell with the ALD coating displayed a stable lithium plating and stripping with 
stabilized voltage at ~ 13 mV, while the cell without the ALD coating exhibited noisy voltage 
profile with large polarization. The Li/ALD-treated garnet/Li2FeMn3O8 full cell showed a charge 
capacity of 110 mAhg-1 over 50 cycles (Fig. 18d). Another similar approach was introduced by 
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forming an ultrathin, artificial intermediary Li-metal alloy. This was done by use of thin layer of 
Al to form an ionically conducting Li-Al alloy as the interfacial layer between the garnet solid-
state electrolyte and the lithium metal 126. This alloy improved the wettability of the garnet 
surface making it more lithiophilic and was able to decrease the interfacial resistance from 950 Ω
cm2

 to 75 cm2. However, a hybrid solid-liquid Li-ion cell was demonstrated using LiFePO4 Ω
cathode and the coated garnet which delivered initial charge/discharge capacities of 152 and 132 
mAhg-1 and a good rate capability. Li-S and Li-O2 cells with the hybrid solid-liquid electrolyte 
were also studied with the coated garnet.

Fig. 18 Ultrathin coating of Al2O3 on Li7La2.75Ca025Zr1.75Nb0.25O12 garnet solid electrolyte. (a) 
Schematic showing the wettability of the garnet with molten Li; (b) Cross-sectional SEM images 
of the interface of garnet with Li metal, without and with the ALD deposited Al2O3; (c) Nyquist 
plots of Li/LLCZN/Li cells with and without ALD-Al2O3 coating on garnet, (Inset shows the 
magnified view of the impedance curve of the cell with ALD coating); (d) Cycling performance 
of the LFMO/ALD-garnet solid state electrolyte /Li full cell. Reproduced with permission from 
Ref 136. Copyright (2016) Springer Nature.

Further, Fu et al. deposited metal film magnesium (Mg) on LLCZN garnet by sputtering137. 
Mg was found to diffuse into the bulk Li metal and form a Li-Mg alloy dominant interface 
between the garnet and Li metal. The transient dissolution behavior of this metal layer helped to 
realize intimate contact of the garnet with Li metal. Interfacial resistance for Li symmetric cell 
with Mg coating was 70 Ωcm-2, which was minimal compared to cell without coating with 1000 
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Ωcm-2. The symmetric cell showed stable cycling at current of 0.1 mAcm-2 during Li stripping/ 
plating test. An interesting observation was made that the interfacial resistance did not increase 
with increase in the metal layer thickness and was attributed to the transient behavior of the metal 
layer. Wang and coworkers deposited an ultrathin and conformal coating of ZnO on to LLCZN 
(Li6.75La2.75Ca0.25Zr1.75Nb0.25O12) by atomic layer deposition. ZnO facilitates reaction with Li 
metal and improves the wetting of the garnet with lithium metal 138. This helped to achieve a low 
interfacial resistance of 20 Ω·cm2 under 300 ˚C. Additionally, Shao et al. employed graphite as 
the interface modifier on top of the tungsten (W)-doped garnet Li5.9Al0.2La3Zr1.75W0.25O12 
(LALZWO) garnet139. A very simple approach of drawing the graphite layer with a pencil on the 
garnet was adopted (Fig. 19a). This graphite-based soft interface forms lithiated graphite LiC6, 
provides both ionic as well as electronic conductivity and improves the wettability of the molten 
lithium on to the garnet surface (Fig. 19b). This phenomenon led to achievement of decrease in 
interfacial impedance from 1350 to 105 Ω·cm2 which indicated enhancement of interfacial 
contact between the garnet and Li metal (Fig. 19c). Symmetrical cells based on graphite modified 
garnet showed better cycling performance compared to the bare garnet (Fig. 19d). Further, a full 
cell consisting of Li metal anode, ternary NCM523 cathode and graphite modified garnet 
achieved excellent cell performance (Fig. 19e,f).
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Fig. 19 Graphite-based soft interface modifier for LALZWO ceramic. (a) Schematic showing 
preparing graphite-based interface on the ceramic; (b) Wettability of molten lithium on the 
ceramic without and with the graphite-interface; (c) Nyquist plots and (d) voltage profiles at 
current density of 50 µAcm-2 of the Li/LALZWO/Li symmetrical cells without and with the 
graphite modified interface; (e) Rate capability and (f) Cycling performance of the all-solid-state 
full cell based on NCM523 cathode/graphite modified LALZWO/Li at 0.5 C at room 
temperature. Reproduced with permission from Ref 139. Copyright (2018) American Chemical 
Society.

Xu et al. coated Li3N on the surface of garnet using plasma enhanced chemical vapor 
deposition (PECVD)140. Li3N was used because it has high Li+ ion conductivity (10-3 Scm-1 at 
room temperature), improves wettability and interfacial contact between garnet electrolyte and 
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Li metal, suppresses Li dendrite growth as it protects reduction of the garnet electrolyte by Li 
metal. In this process, the Li2CO3 originally formed on the garnet surface was first removed by 
annealing with carbon, followed by the deposition of the thin Li3N layer. Li symmetrical cells 
exhibited decrease of total interfacial impedance from 2512 Ωcm2 for LC-LLZT to 180 Ωcm2 
for LN-LLZT at 60oC and similarly 4785 Ωcm2 to 350 Ωcm2 at room temperature. 

Although known solid polymer electrolytes shows low Li+ ion conductivity at room 
temperature, their mechanical properties can be utilized for forming a thin, flexible and interface 
compatible SEI membrane that is easily wetted by lithium metal anode. Zhou et al. developed a 
polymer-ceramic single-ion-conducting solid electrolyte (PCSSE) by coating LLZTO pellet with 
a gel-solution of PEO-PAS using drop casting technique141. The decrease of interfacial 
impedance from 5000 Ω for Li/LLZTO/Li cell to 400 Ω for Li/PEO-PAS/LLZTO/PEO-PAS/Li 
cell. An all-solid-state Li/ PEO-PAS/LLZTO/PEO-PAS/LiFePO4 cell exhibited capacity around 
145 mAhg-1 at 0.1C and 140mAhg-1 at 0.2C. 

Although most interfacial engineering approaches focus on introducing some ion conductive 
interfacial layers such as metal/metal oxide (Au, Si, Al, or Al2O3) or dry polymer, they need high 
temperature processing for manufacturing which is costly. Interlayer composed of gel electrolyte 
can be a cheaper alternative for scalable manufacturing. Liu et al. used gel polymer electrolyte 
(liquid electrolyte stored in PVDF-HFP polymer matrix)142. For this hybrid electrolyte design, 
interfacial resistance for garnet/Li interface decreased from 1.4x103 to 214 Ωcm2. A full cell 
using LiFePO4 as cathode demonstrated high capacity of 140mAhg-1 and was stable over 70 
cycles at room temperature. 

3.4.4. Introduction of additives
Garnet type material has better compatibility with Li metal and has high Li-ion conductivity. 
However, the garnet type electrolyte cannot suppress the dendrite formation, and thus short 
circuit can occur even at low current density. This has been attributed to the dendrite growth 
through the grain boundaries and voids in the electrolyte. To eliminate this phenomenon, Xu 
et.al and co-workers used Li3PO4 as an additive to LLZTO (Fig. 20a) 143. This addition of Li3PO4 
improved Li-ion conductivity of the garnet to 1.4x10-4 Scm-1 (Fig. 20b), improved interfacial 
resistance with lower resistance (Fig. 20c) and suppressed Li-dendrite formation during the 
plating and stripping of lithium with stable cycling (Fig. 20d). 

Wang et al. prepared an assistant ionic conductor by infusing an ionic liquid (Li-IL) into 
porous metal-organic framework (MOF) host144. The pristine LLZO showed ionic conductivity 
of 1.5x10-6 S cm-1 at 30 ºC, which increased to 4.1x10-5, 7.1x10-5, 1.0x10-4, and 1.3x10-4 Scm-1 
as 5 wt%, 10 wt%, 20 wt%, and 30 wt% LIM (LiTFSI dissolved in [EMIM][TFSI]) was added, 
respectively. The introduction of ionic liquid impregnated MOF into LLZO SSE can improve 
the conductivity as well as effectively decrease the interfacial resistance due to formation of 
nanowetted interface between electrolyte and Li metal. Composites of glassy amorphous Li-ion 
conductors and ceramic based garnets can enhance its wettability and have good chemical 
stability with Li metal in electrolyte/Li interface. Tian et al. prepared a composite of LLZTO 
garnet and amorphous Li3OCl antiperovskite Li-ion conducting materials145. Only 2 wt % of 
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Li3OCl was added that acted as binder, filler and bridge in LLZTO network to promote the ionic 
conductivity (2.27x10-4 Scm-1) and enhance the interfacial contact at room temperature. 
Formation of dense and stable interfacial layer as a result of reaction between Li metal and 
Li3OCl increases the wettability of lithium anode to solid electrolyte and hence, the interfacial 
resistance decreased from 1850 to 90 Ωcm2. Also, an all-solid-state LiFePO4/LLZTO-2wt% 
Li3OCL/Li battery exhibited specific capacity of 157.5 mAhg-1 and 85.7 mAhg-1 at 0.05C and 
0.5C, respectively. 

Fig. 20 Li3PO4-modified LLZTO garnet. (a) Schematic showing the suppression of lithium 
dendrites by addition of Li3PO4 into the garnet; (b) Arrhenius plots of the garnet without and 
with Li3PO4; (c) Nyquist plots and (d) voltage profiles of symmetrical cells Li/Garnet/Li without 
and with Li3PO4. Reproduced with permission from Ref 143.Copyright (2017) Elsevier.

3.4.5. 3D conductive framework
Most of the solid polymer electrolytes are flexible in nature, consequently this property can help 
to fill up the voids that exist between Li metal and garnet interface. Chi et al. employed a solid 
polymer electrolyte based on PEO-LiTFSI in acetonitrile to modify the surface of the LLZTO 
garnet146. In addition to this, a 3D lithium metal prepared by molten lithium infusion in Ni foam 
was used. This combination of the interface modification by solid polymer electrolyte and use 
of 3D lithium led to superior symmetrical cell performance compared to the non-modified 
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interface and bare Li electrode. Further, full cell consisting of LFP/SPE-LLZTO-SPE/3D Li 
exhibited excellent cyclability at 0.2 C and 90˚C. 

Yang et al. demonstrated hosting Li metal in a 3D garnet-type ion conductive framework 
with a planar current collector at the bottom147. This structure enables Li plating from the bottom 
Cu current collector and rising during deposition. This approach facilitates lithium rise/fall away 
from the separator which would prevent internal short circuits due to lithium penetration. 
Meanwhile, the porous structure mitigates the volume change of the Li anode. A stable cycling 
up to 300 h at 0.5 mAcm-2, 1 mAhcm-2 was demonstrated with the lithium metal in the garnet 
host. Liu et al. adopted 3D Li and a flowable interfacial layer to address the interfacial fluctuation 
that exists for the Li anode (Fig. 21a,b) 148. A 3D rGO electrode filled with molten lithium was 
used as the 3D Li anode with high electroactive surface area, while a PEG plasticized with 
LiTFSI was impregnated into the 3D Li by thermal infiltration at 150 ˚C to form the flowable 
interfacial layer. The 3D Li along with the flowable interfacial layer helps to accommodate the 
interfacial fluctuation, thus maintaining the intimate contact. The modified Li when used in a 
full cell with a LLZTO garnet along with LFP, exhibited much lower charge/discharge 
overpotential as well as superior rate capability compared to the conventional Li foil (Fig. 21c,d). 
Fu et al. prepared a 3D bilayer garnet solid-state electrolyte framework that consists of thick 
porous layer and thin dense layer using tape casting process (Fig. 22a,b) 149. The thick porous 
layer provides mechanical support and further serves as host that enables high loading of cathode 
materials. While, the dense layer acts as blocking element of physical and chemical short circuits 
that can occur due to volume changes and dendrite formation during charge/discharge cycles 
between the active electrodes. For electrochemical characterization of garnet/Li metal interface, 
a polymeric gel layer was coated on the garnet surface (Fig. 22c). Sulfur was directly coated into 
porous garnet layer by melting sulfur powder into the porous matrix, enabling higher sulfur mass 
loading of around 7.5 mgcm-2. A hybrid Li-S cell exhibited discharge capacity around 645 mAhg-

1 for the 1st cycle and coulombic efficiency of 99.8% with good cycling performance (Fig. 22d,e). 
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Fig. 21 3D Li anode with flowable interphase. (a) Schematic showing fabrication of 3D Li-rGO 
composite via thermal infiltration of PEG-LiTFSI at 150 °C and construction of an all-solid-state 
Li-LFP full cell; (b) Schematics showing comparison of Li stripping/plating between 
conventional Li foil anode and the 3D-rGO anode as lithium host; Solid-state Li-LFP full cell 
with LLZTO as middle layer and either 3D Li-rGO or Li foil as anode (c) Charge/discharge 
voltage curves and (d) cycling performance. Reproduced with permission from Ref 148. 
Copyright (2017) American Association for the Advancement of Science. 
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Fig. 22 3D bilayer garnet solid electrolyte. (a) Schematic of the garnet bilayer framework; (b) 
Schematic of the CNT coated and S-encapsulated garnet based all solid-state Li-S battery; (d) 
Charge/discharge voltage profiles and (e) Cycling performance of the solid-state Li-S battery. 
Reproduced with permission from Ref 149. Copyright (2017) Royal Society of Chemistry.

Among different types of solid electrolyte, composite polymer electrolytes show acceptable Li-
ion conductivity. However, in these types of composites, high concentration of nanofillers degrades 
the performance of battery due to agglomeration of these nanofillers in polymeric chain that destroys 
the percolated network of interphase. This inhibits the improvement in Li-ion conductivity for these 
composite polymer electrolytes. To overcome this, Bae et al. designed a 3D nanofiller, nanostructured 
hydrogel-derived Li0.35La0.55TiO3(LLTO) framework for fabrication of composite polymer Li-ion 
electrolyte150. The approach herein to fabricate a 3D nanostructured hydrogel derived pre-percolated 
LLTO was for avoiding particle agglomeration while mixing with polymer electrolyte. Avoiding 
particle agglomeration using interconnected 3D percolating nanostructure yields numerous 
continuous Li-ion conduction pathways. The Li-ion conductivity of about 10-4 Scm-1 was observed at 
room temperature of these composite solid electrolytes. Li and coworkers demonstrated a 3D fiber-
network reinforced bicontinuous solid composite electrolyte by electrospinning precursor of 
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lithium aluminum phosphate (LATP)/ polyacrylonitrile (PAN) mixed in DMF and casting PEO 
and LiTFSI mixture onto it151. Thus, obtained composite electrolyte had high stability against Li 
metal and good interfacial contact with Li anode. The ionic conductivity of xLATP/PAN-[PEO8-
LiTFSI], where x=2 (x: mass ratios of LATP to PAN) was about 6.5x10-4 Scm-1 which is four 
times higher than that of PEO8-LiTFSI control electrolyte. The interfacial resistance for 
symmetric Li| 2LATP/PAN-[PEO8-LiTFSI] |Li cell was 158 Ω at 60oC which is much lower in 
comparison to Li|LATP|Li cell (>3500Ω at 60oC). This decrease in resistance and increase in 
interface wettability with Li metal can be attributed to increased interface contact area between 
the composite electrolyte nanofibers and Li electrode. 

4. Conclusion, Opportunities and Outlook
Solid-state lithium batteries are believed to be the future and the energy storage industry is 
optimistic about it. Significant research and efforts are underway to bring this technology to the 
mass market. This has led to development of solid-state electrolytes with comparable ionic 
conductivity to conventional liquid electrolyte. While major focus has been on improvement of 
ionic conductivity of these solid electrolytes, it is equally important to consider their 
compatibility with electrodes in order to realize a working all-solid-state battery. This review 
summarized the notable efficient approaches that have addressed the interfacial issues of solid-
state electrolyte systems (sulfides and oxides) with both battery cathode and lithium anode. Both 
the sulfide and oxides (garnets and NASICON) have their own unique electrochemical, thermal 
and mechanical features, therefore, the approaches that have been applied to address their 
interfacial incompatibility with battery electrodes are different from one another. With several 
significant advances already achieved, the likelihood of adoption of the solid-state technology 
even for large scale energy applications such as electric vehicles and grids is high, considering 
the cost.

Majority of the research reports are dedicated to address either the lithium/SSE or the 
cathode/SSE interface. However, a practical solid-state LMB should have both these interfaces 
equally efficient and stable. Therefore, it is imperative to modify both the interfaces to construct 
a working solid-state full cell. However, each electrolyte system has its own interfacial 
imperfections, therefore, there is no solution in the form of a single strategy that will be 
constructive to every electrolyte system.  Consequently, it is key to treat each electrolyte system 
and their interfaces independently. It should be noted that interfacial processes in solid-state 
LMBs are complicated in nature and therefore, thorough dedicated research is imperative. 
Multiple interfacial issues need to be addressed when considering the fabrication of the solid-
state LMB which can be summarized into two primary factors: (i) chemical and electrochemical 
compatibility and (ii) intimate mechanical contact. Interfacial surface chemistry is a complicated 
phenomenon that determines the formation of interphase layers and their electronic and ionic 
conductivity properties. It is a very challenging to find an electrolyte that exhibits excellent 
chemical/electrochemical compatibility and mechanical stability with both lithium anode and 
cathode. Therefore, research in finding such electrolyte should be focused as both the interfaces 
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(with lithium and cathode) play equally crucial roles. For this, computational studies on novel 
materials should be prioritized. 

Based on the above review of the individual interfaces, we believe that these three directions 
should be adopted to build an interface compatible solid-state LMB namely (i) hybrid 
ceramic/polymer composite electrolyte, (ii) surface coating and (iii) 3D scaffolds infusing Li. 
Use of hybrid electrolyte can be advantageous for both cathode/SSE and Li/SSE interfaces and 
should be adopted. Each electrolyte system (either oxides or sulfides) has its own advantages but 
some shortcomings. Synergistic combination of the properties of ceramics to that of polymer 
electrolyte systems can help to overcome each other’s intrinsic limitations. Solid polymer 
electrolytes have much better flexibility and adhesion properties with electrodes. This suggests 
that the addition of polymers can assist on the processability of the ceramics and help achieve 
intimate mechanical contact especially with the cathodes. In addition, polymers can facilitate the 
necessary buffering function to relieve stress/strain caused upon volume change of the 
electrodes. Further, the Li-ion conducting polymers can exhibit good electrochemical stability 
with Li at the interface, thus contributing to low voltage polarization. These composite 
electrolytes basically combine the constructive properties of the two electrolyte systems, and 
some studies have shown positive outcomes152-154. Further, the inorganic solid-state electrolytes 
have also been employed as additives or fillers into the polymer matrix and demonstrated to have 
a positive effect on the ionic conductivity and electrochemical performance of the polymer solid 
electrolytes155, 156. On the other hand, a conformal surface coating of suitable in situ or ex situ 
interphase layer on Li metal and cathode coating to form cathode/electrolyte composite have 
been the most effective approaches to address the interface incompatibility, which we believe 
the battery research should further advance at much greater extent. Further, the 3D scaffolds (e.g. 
rGO, metal foams) with Li infusion technique that have the capability of accommodating the 
interfacial fluctuation during cycling should be adopted, which has been rigorously studied for 
lithium dendrite suppression for liquid electrolyte-based lithium metal battery systems157-160. In 
addition, numerous efforts have been carried out on interface modifications with lithium metal 
for a liquid electrolyte system17. Findings and understanding obtained from these investigations 
can be directly experimented in solid-state electrolyte systems. However, it is most likely that a 
single technique alone will not be able to solve the impedance problem entirely. Therefore, 
implementing a combination of these approaches should be considered to realize a practical bulk 
solid-state LMB.

Detailed information on the interface products formed at the interfaces is still unknown, 
which will be unique for each electrolyte and interface systems. In situ or operando and other 
advanced characterization techniques are being currently pursued to gather real time information 
and analysis during lithiation and delithiation process such as in situ XPS, in situ TEM, in situ 
NMR, in situ XRD, cryo-TEM. The use of these advanced techniques should be heavily 
encouraged to obtain insights of these complex interface issues existing in solid-state lithium 
batteries. Further, fundamental understanding of the factors and mechanisms contributing to 
these interface issues should be prioritized. A recent study investigated the process of lithium 
dendrite growth and infiltration in inorganic solid electrolytes. The study showed that the lithium 
penetration is dependent on defect size and density rather than the impact of electrolyte shear 
modulus and surface roughness, and that faster Li dendrite growth is dominated by cracks, grain 
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boundaries and/or micro/nanoscale pores161. Further, a study on origin of dendrite formation in 
LLZO and Li3PS4 representative solid electrolytes during lithium plating was carried out using 
time-resolved operando neutron depth profiling, which suggested that the high electronic 
conductivity of these solid electrolytes is responsible for the dendrite formation162. Such 
fundamental findings will be key to better understand the solid-solid interfaces and contribute to 
building efficient and safe all-solid-state batteries. In addition, theoretical modeling based on 
machine learning should be employed for high-throughput materials screening to develop 
efficient and stable interfaces. 

Scalability of the technology should also be taken into consideration with low-cost 
manufacturability. The methodology and the fabrication involved should line up with the current 
lithium-ion production infrastructure to enable a transferable technology into industry. This can 
facilitate mass production without imposing substantial financial burden. 
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