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tinuously verified via the development 
of solid electrolytes (SEs) and appro-
priate active materials, which have high 
ionic conductivities and high applica-
bility to ASSLBs systems, respectively. 
Unlike conventional liquid LIBs, which 
utilize organic liquid electrolytes as 
lithium ions and electron transfer pas-
sages, ASSLBs use inorganic solid SEs 
for the same purposes. Thus, the ionic 
conductivities of SEs play a critical role 
in increasing electrochemical perfor-
mance during cell tests. In this respect, 
the research approaches for SEs have 
mainly focused on increasing their ionic 
conductivities. Because of that reason, 
a variety of inorganic SEs have been 
developed (e.g., oxides, polymers, and 
sulfides).[7–13] Before 2010, the lithium 
ion conductivities of various SEs were 
much lower than the corresponding 
values of the liquid electrolytes. How-
ever, recent significant improvements in 

the ionic conductivities of SEs have resulted in novel designs 
of chemical elements, doping, and morphological con-
trol.[14–16] Among them, oxide, polymer, and sulfide SEs have 
been intensively developed because of their high ionic con-
ductivities and mechanical advantages.[17–22] In particular, the 
recently developed sulfide SEs show high lithium ion con-
ductivity, similar to the ionic conductivity of organic liquid 
electrolytes. Along with the development of SEs, much effort 
has been expended toward increasing the interfacial area and 
decreasing the side reactions between the SEs and the active 
materials via coatings and morphological control.[23–27] How-
ever, although the recently developed SEs have achieved high 
ionic conductivities, the electrochemical performance of the 
ASSLBs and power density have not reached commercializa-
tion standards compared to the case of conventional liquid 
LIBs. Given the low electrochemical performance of the 
ASSLBs in spite of the high ionic conductivities, the overall 
overpotential and electronic conductivity within the battery 
should be emphasized because it could affect the electro-
chemical performance during cell tests. Herein, we review 
recent progress in ASSLBs and their battery performance 
in terms of the materials and electrodes. In addition, we 
propose a future research direction for increasing the elec-
trochemical performance and improving the overall overpo-
tential property via novel electrode design.

After the research that shows that Li10GeP2S12 (LGPS)-type sulfide solid 
electrolytes can reach the high ionic conductivity at the room temperature, 
sulfide solid electrolytes have been intensively developed with regard to 
ionic conductivity and mechanical properties. As a result, an increasing 
volume of research has been conducted to employ all-solid-state lithium 
batteries in electric automobiles within the next five years. To achieve 
this goal, it is important to review the research over the past decade, and 
understand the requirements for future research necessary to realize the 
practical applications of all-solid-state lithium batteries. To date, research 
on all-solid-state lithium batteries has focused on achieving overpotential 
properties similar to those of conventional liquid-lithium-ion batteries by 
increasing the ionic conductivity of the solid electrolytes. However, the 
increase in the ionic conductivity should be accompanied by improvements 
of the electronic conductivity within the electrode to enable practical appli-
cations. This essay provides a critical overview of the recent progress and 
future research directions of the all-solid-state lithium batteries for practical 
applications.

1. Introduction

Due to the rapid progress of energy storage systems using 
lithium-ion batteries (LIBs),[1–3] the thermal instability of 
conventional liquid LIBs has led researchers to develop other 
types of lithium energy storage systems. For this reason, all-
solid-state lithium batteries (ASSLBs) have been considered 
as the most promising candidates for high thermal stability, 
because their overall systems are composed of inorganic 
solid materials with low combustible properties.[4–6] In this 
respect, the practical applicability of ASSLBs has been con-

Prof. P. Oh, S. Park
Department of Graphic Arts Information Engineering
Pukyong National University
Busan 485471, Republic of Korea
H. Lee, H. Cha, Dr. J. Kim, Prof. J. Cho
Department of Energy Engineering
School of Energy and Chemical Engineering
Ulsan National Institute of Science and Technology (UNIST)
Ulsan 44919, Republic of Korea
E-mail: jpcho@unist.ac.kr

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202000904.

Essay
10th Year Anniversary

Adv. Energy Mater. 2020, 2000904

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202000904&domain=pdf&date_stamp=2020-05-05


www.advenergymat.dewww.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000904 (2 of 8)

2. Previous Research in All-Solid-State  
Lithium Batteries

In general, the electrodes of the ASSLBs are composed of 
active materials, current collectors, conducting agents, and SEs. 
Among all the compositions of the ASSLBs, the ionic conduc-
tivity of the SE is considered to be the most important factor 
which could affect the electrochemical performance of the 
ASSLBs because it is directly related to the lithium ion transfer. 
For this reason, to date, many researchers have concentrated 
on identifying and developing SEs with high ionic conductivi-
ties. As shown in Figure  1a, the ionic conductivity of SEs has 
increased extensively over the past ten years.[7–13,18,28–34] In par-
ticular, the development of Li10GeP2S12 (LGPS) sulfide SEs in 
2011 by Kanno and co-workers opened new prospects from the 
commercialization point of view.[11] Before the development of 
LGPS-type sulfide electrolytes, the ionic conductivities of the SEs 
were barely comparable to those of liquid organic electrolytes at 
high temperatures (50–80 °C). However, LGPS-phase SEs have 
extremely high ionic conductivities at room temperature (12 mS 
cm−1), which is helpful for increasing the electrochemical per-
formance of the ASSLBs. After that, researchers have developed 
improved LGPS-type sulfide SEs via doping or composition 
change.[7,10,35] In addition, the development of argyrodite-type 
sulfide SEs, which have high ionic conductivities, contributed 
to expanding the practical applicability of ASSLBs.[12,36] Besides 
the development of various types of SEs, many studies have 
concentrated on manufacturing techniques of SEs for large-
scale processes. For example, the liquid-phase synthesis process 
of SEs is considered to be an appropriate method for reducing 
the manufacturing time and scale up.[14,32,37] The recent SEs 
synthesized by the liquid phase process have ionic conduc-
tivities similar to that provided by the original mechanical 
synthesis process. Although research on SEs has resulted in 
successful outcomes with respect to the ionic conductivity, syn-
thesis method, and morphological control, the electrochemical 
performance of ASSLBs which uses transition metal oxide as 
active materials still suffers from large gaps compared to that 
of conventional liquid LIBs. As shown in Figure 1a, the specific 
capacities of the ASSLBs have not increased extensively during 
the last ten years of research in this area.[26,38–52] More notably, 
a large specific capacity gap exists between the ASSLBs and 
conventional LIBs even though the ionic conductivity of SEs is 
similar to those of liquid electrolytes. Furthermore, as shown 
in Figure  1b, while electrochemical tests on conventional LIBs 
have been conducted at various C-rates, such as 1C, 2C, 5C, 
and 10C, most ASSLBs have been tested with a low C-rate of 
0.1C.[24,47,53–58] More practically, the ASSLBs show extensively 
low specific capacities when it tested at a high C-rate such as 
1C. However, conventional LIBs show high specific capacities 
even when they are tested at the high C-rates of 5C and 10C. 
In addition, the electrode of the ASSLBs which is the critical 
factor of deciding the energy density still has challenges such as 
active material ratio, loading level, and fabrication method. In 
case of the ASSLBs, most previous research has employed the 
dry mixing electrode fabrication method which is inappropriate 
for scale up because of its mechanical instability. However, the 
conventional liquid LIBs have employed the wet slurry mixing 
electrode fabrication method which is appropriate for scale up 
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and make good contact area between the active material and the 
other composition materials within the electrode. More impor-
tantly, to attain high energy density, most researchers of the con-
ventional liquid LIBs not only increased the active material ratio 
of the electrode, but also raised its loading level of the electrode. 
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However, as shown in Figure 1c, the ASSLBs exhibit lower spe-
cific capacity when the wet slurry electrode fabrication method 
is used, compared to those produced by the dry mixing electrode 
fabrication method.[26] Furthermore, when the active material 
ratio is increased from 70 to 85 wt%, the specific capacity of the 
ASSLBs shows almost 61% capacity fading with the wet slurry 
electrode fabrication method at high mass loading levels. These 
challenges with regard to the low specific capacity, low current 

density, and mild electrode condition have hindered the prac-
tical application of ASSLBs. To resolve these critical problems, it 
is important to focus on the ionic and electronic conductivities 
within the electrode of the ASSLBs, which are critical factors 
of capacity and power density. For example, Figure  1d shows 
an overall ASSLBs scheme composed of the SE layer and the 
active material electrode layer. During electrochemical testing,  
the lithium ions and electrons should pass through the interface 

Adv. Energy Mater. 2020, 2000904

Figure 1. Previous research of the ASSLBs. a) Development of the oxide, polymer, and sulfide solid electrolytes and previous reported specific capacity 
of the all-solid-state lithium batteries (ASSLBs) during past ten years. b) Previous reported specific capacity of the ASSLBs and the conventional lithium 
ion batteries (LIBs) with regard to its various current density. c) Specific capacity comparison with different active material ratio, electrode fabrication 
method and mass loading level. c) Reproduced with permission.[26] Copyright 2018, Elsevier. d) Schematic of the ASSLBs which is composed of cathode, 
anode, and the solid electrolytes (SEs) with its internal and interfacial resistance.
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between the active materials and the SEs, the active material, 
and the SEs itself. Therefore, interfacial resistance between 
the active materials and the SEs is inevitable. In addition, the 
internal resistances of the bulk active materials and the SEs are 
also important factors. Therefore, although the lithium bulk 
ionic conductivities of the SEs are almost similar to the ionic 
conductivity of the liquid electrolyte, they could be decreased 
by the interfacial electron/lithium resistance between the active 
material and the SEs, the bulk electron/lithium resistance 
within the active material, and the SEs themselves. Given these 
internal and interfacial resistances of the ASSLBs, the specific 
capacity and power density could not match the high lithium 
ionic conductivities of the SEs. As a result, for practical appli-
cations of ASSLBs, it is important to focus on decreasing the 
interfacial and bulk resistances of the ASSLBs and increasing 
the electronic conductivity.

3. Recent Progress: Surface Control and Novel 
Electrode Design Process to Improve Lithium  
Ion Conductivity of ASSLBs Electrode

We have addressed the recent progress and prospects in the 
ASSLBs (Figure 2a). As mentioned above, to increase the elec-
trochemical performance, it is necessary to consider the occur-
rence of overall overpotential within the batteries because 
of the interfacial and internal resistances of the ASSLBs. In 
this regard, researchers have focused on introducing a buffer 
layer on the surface of the active materials, which is helpful in 
the formation of a facile lithium pathway. In addition, such a 
buffer layer could play a large role in preventing the side reac-
tion between the SE layer and the active materials. During the 
past decade, various types of materials, such as transition metal 
oxides, carbon materials, and SEs, have been applied as buffer 
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Figure 2. Recent research for alleviate the interfacial resistance of the ASSLBs. a) Schematic illustration of recent progress and challenges of the ASSLBs. 
b) Schematic of possible interfacial resistance area within the conventional ASSLBs. b) Reproduced with permission.[65] Copyright 2016, Springer Nature. 
c) Possible interfacial area of the ASSLBs in the cathode electrode. c) Reproduced with permission.[66] Copyright 2019, Elsevier. d) Schematic of process of the 
SE coating by dry-coating, first charge-discharge voltage profiles of Ni based layered oxides (NCM) bare (simple mixture), Li3PS4 coated NCM (NCM@LPS) 
and liquid electrolyte half cells, discharge curves of NCM@LPS and NCM bare (simple mixture) at various current densities. e) Cross-sectional scanning 
electron microscopy (SEM) image and EDS analysis of the SE coated NCM and bare NCM d,e) Reproduced with permission.[68] Copyright 2020, Elsevier.
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layers, and have been found to be appropriate for ASSLBs 
systems.[39,59–64] However, although these buffer layers could 
effectively decrease the interfacial resistance and form a facile 
lithium pathway, the current electrochemical performance of 
ASSLBs is still lower than the electrochemical performance of 
the conventional liquid LIBs. As a result, previously reported 
research related to buffer layers could not solve the intrinsic 
problems of the interfacial and internal resistances within the 
electrode. In this respect, it is essential to identify the overall 
formation and propagation mechanisms of the interfacial and 
internal resistances within the ASSLBs for successful applica-
tion of the buffer layer. As shown in Figure  2b, with respect 
to the overall cell architecture, many factors can increase the 
interfacial resistance within the electrode.[65] In the case of the 
lithium metal anode, the formation of an solid electrolyte inter-
face (SEI) layer between the lithium anode and the SE increases 
the overpotential, which is harmful to cell performance. In 
addition, the resistive interface between each SE should be con-
sidered, because it could also increase the overpotential of the 
ASSLBs. In case of the cathode materials, the buffer layer has 
been considered as crucial for decreasing the side reactions with 
the SEs. Moreover, the buffer layer is helpful to avoid the poten-
tial lithium depletion area at the cathode materials. In addition, 
Xiao and co-workers reported various interface situations in a 
coated cathode composite and an ideal coating strategy using 
a computational framework, as shown in Figure  2c.[66] They 
reported certain advantages and disadvantages between imper-
fect and perfect coatings on the surface of the cathodes. In case 
of the cathodes with imperfect coatings, capacity fading was evi-
dent because of the direct contact between the uncoated surface 
and the SEs. However, cathodes with imperfect coatings exhib-
ited direct contact between the cathode and the conducting 
additives, resulting in an increase of electronic conductivity. On 
the other hand, perfectly coated cathodes could prevent direct 
contact between the SEs and decrease the side reaction, but the 
electronic conductivity would also decrease because of the low 
contact with the conducting additives. As a result, it is neces-
sary to develop novel cathode materials that could satisfy the 
requirements of both chemical stability and high electronic 
conductivity. In addition, as shown in Figure 2c, the interface of 
the conducting additives should be carefully controlled because 
oxidation of the SEs could occur at that interface, resulting in 
increase of the interfacial resistance.[66,67] In particular, at a low 
current density, the interface between the conducting additives 
and the SEs is not directly involved with lithium ion transfer 
and electronic conductivity. However, it could be transformed 
into an electrochemically inactive area at a high current den-
sity, resulting in a resistive barrier. Considering the previ-
ously reported data in Figure  2c, the interfaces between the 
active materials and the SEs, conducting additives, and the 
SEs should be modified and developed for facile lithium and 
electron transfer during electrochemical testing. Notably, Xiao 
and co-workers also stated that the coating material needs to be 
carefully selected according to the specific SE type and cathode 
interface.[66] Therefore, with regard to the electrode making 
process, cell making process, and various type of the SEs, the 
appropriate coating materials could be different depending on 
the differences in the reactivity and oxidation limits between 
the SEs and active materials.

Although an appropriate approach for coating material selec-
tion with regard to the SEs and active materials could help 
increase the chemical stability and ionic conductivity of the 
electrode, another process should be devised to increase the 
electronic and ionic conductivities of the electrode via a novel 
electrode design. For example, other approaches have been 
made to decrease the dead space between the active materials 
and the SEs as previously mentioned before by introducing the 
SE coatings on the surface of the active materials.[60,68] As shown 
in Figure 2d, Nakamura et al. produced a uniform coating layer 
of Li3PS4 (LPS) on the surface of LiNI1/3Co1/3Mn1/3O2 (NCM) by 
using the dry coating methods.[68] During the coating process, 
unlike the other coating method which are complex and low 
efficiency, they made the core-shell particles which has SE shell 
and the active materials core by simple dry mixing of powder 
with mechanical forces. This core-shell type active materials 
have advantages in retaining its secondary type morphology of 
nickel-rich cathode even when there is high pressure during the 
cell fabrication process. In addition, it is helpful to decrease the 
dead space due to the softness and ductility of the sulfide SEs. 
To identify the decrease of the dead space, they conducted the 
cross-sectional scanning electron microscopy (SEM) analysis 
of electrode between the uncoated and LPS coated particles. 
As shown in Figure 2e, in case of the electrode with uncoated 
cathode materials, there are many cracks and micro-voids 
which are formed during electrode and cell fabrication process. 
However, in the case of the electrodes which are composed of 
the core-shell composite, they retained their initial secondary 
particle shape and made low ratio of micro-voids. In addi-
tion, they analyzed the 3D internal structure of the core-shell 
cathode composite by the focused ion beam-scanning electron 
microscope (FIB-SEM) system. Compared to the electrode with 
uncoated cathode composite, the inter- and intra-void frac-
tion and contact area of core-shell cathode composite are low, 
resulting in facile lithium path and electron path. As a result, 
during the first charge and discharge electrochemical test, 
LPS-coated cathode materials show high discharge capacity of  
160 mAh g−1 which is similar to that of the liquid electrolyte 
half-cell. In addition, it shows outstanding electrochemical per-
formance even when the cell was tested at a C-rate of 0.2C, 1C, 
and 2C. These approaches show solid electrolyte coating on 
cathode surface not only increased the ionic and electronic con-
ductivity of the electrode but also decreased the ratio of electro-
chemical inactive area (Figure 2d).

In addition to the SE coating on the cathode surface, there 
have been many efforts for increasing contact area and ionic 
conductivity via changing the electrode fabrication process. 
Among the variety of efforts, Kim et al. designed the new type 
of electrode via infiltration SE solutions.[69] Moreover, they 
infiltrated the SEs solution into the electrode of conventional 
liquid LIBs which has high active material ratio. The ASSLBs 
used the SE-infiltrated electrode which shows outstanding 
electrochemical performance which is similar to the electro-
chemical performance of the conventional liquid LIBs. Con-
sidering the electrode used in electrochemical test has high 
active material ratio in the electrode related to the high energy 
density, this approach should be emphasized because it opens 
a new prospect of the ASSLBS with respect to the electrode 
design.

Adv. Energy Mater. 2020, 2000904
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4. Future Perspectives: Importance of Electric 
Conductivity on ASSLBs

As mentioned earlier, research on ASSLBs has focused on 
the development of SEs to replace conventional liquid electro-
lytes, and most of these studies have targeted improving the 
low electrode lithium ion conductivity. However, despite these 
noticeable advances, compared to liquid conventional LIBs, 
the ASSLBs still exhibit poor electrochemical performance 
in terms of electrode energy density, rate property, and cycle 
performance.

Considering the poor performance (e.g., in rate capability) 
despite improved lithium ion conductivity, it is evident that 
electrical conductivity within the electrode plays a crucial role 
in this issue (Figure 2a). Figure 3a,b shows the electrode cross-
sections for an ASSLBs and a conventional liquid LIBs. When 

comparing the distribution of the conductive material (CM) 
in each electrode, the CMs within the ASSLBs electrode are 
severely agglomerated in places, whereas the CM of the conven-
tional LIBs electrode shows excellent dispersity. Note that in the 
case of ASSLBs, nonpolar solvents such as gylene and heptyl 
butyrate are applied during electrode preparation because 
sulfide-based electrolytes cause side reactions with polar sol-
vents due to their chemical instability. Unfortunately, it is 
widely known that conductive materials based on carbon mate-
rials have very poor dispersibility in nonpolar solvents. More-
over, owing to the high interface resistance between the SE and 
the active material, most ASSLBs electrodes are fabricated with 
a high proportion of electrolytes, which are electronic insula-
tors. In other words, compared to conventional liquid LIBs, the 
electronic conductivity of ASSLBs could be insufficient due to 
the poor dispersibility of the CMs and a high electrolyte ratio. 

Adv. Energy Mater. 2020, 2000904

Figure 3. Cross-sectional SEM image of a) the ASSLBs and b) the conventional liquid LIBs. c) Schematic illustration of the rational electrode of ASSLBs  
d) Schematic illustration of the possible future research direction to decrease the over potential of the overall ASSLBs.
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Therefore, even if the lithium ion conductivity of the electrode 
is improved, ASSLBs face performance limitations arising from 
the lack of electron pathways.

Accordingly, it is very important to investigate improvements 
to increase the electronic conductivity. Thus, how can we effec-
tively improve the electronic conductivity of ASSLBs? We believe 
that the electrode shown in Figure 3c presents a rational elec-
trode design. This electrode design suggests that active mate-
rials’ surface should be covered by CMs and partially alternated 
with SEs, rather than using an encapsulated active material 
with the SE. Such an arrangement will improve the conduc-
tivities of both the lithium ion and the electron. Figure 3d dem-
onstrates an experimentally obtainable ideal electrode design. 
To realize the experimental concept, a nano-thickness carbon-
coated SE is essential. As the general purpose of the electrolyte 
in the battery system is to transport lithium ions and prevent 
electron migration, this material engineering may seem con-
tradictory. However, note that the electrolyte within the cathode 
or anode electrode should exhibit multiple functions of supe-
rior electronic conductivity as well as high lithium ion conduc-
tivity. The newly designed ASSLBs electrode is composed of ew 
carbon coated SE and active materials, realizing a bimodal elec-
trode configuration (Figure 3d). As the following press process 
is conducted during cell fabrication process, the morphology of 
the carbon-coated electrolyte changes, and the surface carbon 
coating layer cracks, resulting in an electrolyte surface that is 
covered with carbon material partially alternated with the SE. 
This electrode engineering effectively fills the electrode voids 
with electrolytes and disperses the lithium ion pathway as well 
as the electron pathway. The proposed experimental demonstra-
tion (Figure 3d) can effectively realize the superior electrochem-
ical performance of the ideal electrode design in Figure 3c. In 
addition to the above electrode design, advanced material engi-
neering, such as the development of nano-sized sulfide SEs, 
increased ductilities of the electrolyte and light electrolyte, and 
new electrode designs are also required to maximize the elec-
tronic conductivity of ASSLBs.

5. Conclusion

In this essay, we summarized the progress reported by recent 
studies and their limitations toward addressing the overpo-
tential issue of all-solid-state batteries. In particular, many 
researchers have developed a variety of SE materials with supe-
rior ionic conductivity that is similar to that of liquid electro-
lytes. Unfortunately, despite the enhanced ionic conductivity 
of SEs, ASSLBs have shown electrochemical limits in terms of 
low energy density and poor rate performances. In this regard, 
recent studies have focused on improving the interfacial con-
ductivity by increasing the contact between SEs and active 
materials. However, we suggest that an all-solid-state battery 
based on improving only ionic conductivity results in perfor-
mance limits on the rate capability; thus, further approaches 
are required to enhance electronic conductivity in solid-state 
battery systems. To this end, a reasonable electrode concept, 
including a novel material design and electrode process, was 
introduced. This essay thus presents a progressive research 
approach on superior power properties for next-generation 

all-solid-state batteries. Furthermore, it provides innovative 
research directions and insights relevant to ASSLBs.
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