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1. Introduction

1.1. The Rapid Evolution in Li-Ion Batteries

The Li-ion galvanic cell is the technology of choice for recharge-
able battery applications, as the Li-ion electrode chemistries 
provide the highest volumetric and gravimetric energy density 
known. The evolution of Li-ion cell technology was initially 
driven primarily by the portable electronics industry. The large 
energy density of the Li-ion batteries enabled the miniaturiza-
tion of electronic devices and the emergence of smart phones 
and tablets. The improvements in the Li-ion technology has 
subsequently prompted the developments in the last 10 years 
toward electric vehicles (EV), mainly plug-in EV and full EV,[1] 

The development of solid composite electrolytes or solid composite 

electrolytes (SCEs) consisting of an ionic conductor and a dielectric matrix 

offers an elegant strategy to enhance the ionic conductivity of electrolytes 

by engineering the interface conduction. At the conductor/matrix interface, 

the ionic conductivity can be enhanced by the enriched charge carrier 

concentration and/or the changed molecular structure of the ionic conductor. 

This review deals with the interfacial ion conduction mechanisms of the 

inorganic particle-based SCE, polymer-SCE, and ionic liquid electrolyte-

based SCE (ILE-SCE). In the first part of this review, an overview is given 

of the space-charge theory developed to describe the increased vacancy 

concentration at the interface of inorganic particle-based SCE. In the second 

part, the proposed interface interactions and structural changes associated 

with interface conduction for the polymer-SCE and ILE-SCE are reviewed. 

For the ILE-SCE, the preparation methods and interface characterization 

are discussed together with the proposed conductivity models. The use of 

mesoporous matrix materials with high internal surface area for ILE-SCE is 

reviewed here for the first time.
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Interfacial Conduction

which are expected to consume over half 
of total lithium ion battery product.[2,3] 
For these applications, energy density and 
power density are the main drivers. Pres-
ently, the demand of stationary storage 
and then mainly the application of local or 
home storage drives R&D also toward cost 
reduction, increased life-time, and safety.

Since its first introduction on the 
market by Sony in 1991, the energy den-
sity of the (high energy) Li-ion battery has 
doubled from 100 Wh kg−1 (250 Wh L−1)  
to 250 Wh kg−1 (600 Wh L−1) mainly 
through the introduction of new electrode 
chemistries with higher Li-ion capacity 
and the improvement of the accessible 
capacity by improvement of electrode for-
mulations. Today, lithium cobalt oxide 
(LiCoO2 or LCO)[4] and lithium nickel-
cobalt-manganese oxide (LiNixMnyCozO2 
(with x + y + z = 1) or NMC)[5] are the most 
used positive electrode materials followed 
by lithium–iron phosphate (LiFePO4 or 

LFP),[6] lithium–manganese oxide (LiMn2O4 or LMO), and 
lithium–nickel–cobalt–aluminum oxide (LiNi0.8Co0.15Al0.05O2 or 
NCA).[7,8] For the negative electrode specialty, graphite (LiC6) is 
still most commonly used (>90% market share),[9] even though 
higher capacity composites of graphite and silicon are now 
entering the market. Lithium–titanium oxide (Li4Ti5O12 or LTO) 
is used specifically for safety and high-power applications, for 
example, for hybrid electric vehicles.[10] An average growth rate 
of 10 Wh kg−1 per year is expected to continue over the next 
10 years through further improvement of electrode materials, 
e.g., by the introduction of nanomaterials and higher voltage 
materials.[11]

One way to increase the energy density of the Li-ion bat-
tery is to increase the cell voltage altogether.[12] The introduc-
tion of higher voltage positive electrodes such as lithium–
manganese–nickel oxide (LiMn1.5Ni0.5O4 or LMNO with 
electrode potential of 4.7 V vs Li+/Li)[10] is hindered by a lack 
of electrolytes with positive enough voltage windows. The 
currently employed carbonate-based solvents decompose at 
voltages ≈4.4 V and are therefore not compatible with these 
high voltage positive electrodes without suitable additives or  
protective coatings.[13–15] Certain ionic liquid electrolytes (ILE) 
such as lithium bis(trifluoromethanesulfonyl)imide (Li[TFSI]) 
in 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)-
imide ([BMP][TFSI]) are more stable against these 5 V 
cathodes but not against Li or carbon anodes.[16] Solid-state 
electrolytes can provide the necessary electrochemical window  
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(e.g., lithium phosphate glass doped with nitrogen or LiPON 
is stable between 0 V and 5.5 V vs Li+/Li) and could thus pro-
vide a viable alternative.[17,18] Unfortunately, the lack of solid 
electrolyte materials with both sufficiently high Li-ion conduc-
tivity (>10 mS cm−1) and wide enough electrochemical window  
(<0.2 and > 4.5 V) has been the main bottle neck for the intro-
duction of solid-state electrolytes. LiPON,[19] for example, has 
an ionic conductivity of only 10−7 to 10−6 S cm−1 and is there-
fore only applicable in all-solid-state thin-film microbatteries 
where the sub-micrometer electrolyte film thickness allows 
low enough cell resistance.[20,21] Recently, significant progress 
has been made also in the area of solid-state electrolytes for the 
large capacity powder-based batteries. Researchers from Tokyo 
Institute of Technology and Toyota corporation reported on a 
novel crystalline sulfide superionic conductor with Li-ion con-
ductivity exceeding 20 mS cm−1 at room temperature.[22]

1.2. Solid Electrolytes

Replacement of the liquid electrolyte by a solid electrolyte in 
lithium ion batteries (LIB) could solve several key issues which 
are limiting battery performance today. First, battery safety 
would most notably benefit from the removal of the volatile 
and flammable carbonate solvents, whose decompositions can 
release more than 2000 J g−1 energy, increasing the cell tem-
perature up to 600 °C.[23,24] Solid electrolytes are more resistant 
to such thermal decomposition. Second, much longer cycle life-
times are expected for the all solid-state batteries as performance 
degrading side reactions at the electrode/electrolyte interface 
are significantly reduced or nonexisting. Battery life-time over 
10 000 cycles has indeed been demonstrated already in thin-film 
microbatteries, such as Li/LiPON/LiCoO2

[25] and Li/LiPON/
LiNi0.5Mn1.5O4.

[26] However, for large capacity batteries with  
100 µm thick powder electrodes, the structural integrity of the 
electrode particle/electrolyte interface might compromise the 
cyclability.[25] Interestingly, and often not yet recognized, is that 
the absence of parasitic side-reactions enables the introduction 
of nanostructured active electrode materials which should sig-
nificantly increase the (dis)charging rate of the all-solid elec-
trodes and cells.[27] The kinetic advantage of large surface area 
nanoparticle electrodes is, for example, well-known for high 
power spinel Li-ion cells where the nanoparticle Li4Ti5O12 or 
LTO negative electrodes do not suffer from side-reactions with 
the carbonate solvent due to their relatively high electrode 
potential of 1.55 V versus Li+/Li.[28,29] Another advantage of solid 
electrolytes is their high Li+ transport number, which is typically 
close to 1 for inorganic materials where the counter charge is 
fixed in the crystal lattice. Finally, the rigid solid electrolyte com-
ponent could be made thinner than the currently used sepa-
rator membrane with a standard 25.4 µm thickness,[30] resulting 
in more compact cells and a simplified battery design thus 
increasing the effective energy and power density of the battery.

The introduction of large capacity all-solid-state batteries 
has been held back by the quest for suitable solid electrolyte 
materials with both high ion conductivity and wide electro-
chemical window.[31,32] The Li-ion conductivities of the car-
bonate-based liquid electrolytes are in the range of 10 mS cm−1  
(e.g., 10.7 mS cm−1 for LiPF6 in 1:1 mixture of ethylene carbonate 

and dimethyl carbonate).[15] Good progress has been made both 
for inorganic[33] and polymer solid electrolyte[34–36] chemis-
tries over the last decade. The threshold value of 10 mS cm−1  
was only recently breached with the discovery of a new type 
of crystalline sulfide materials with high Li content, e.g., 
Li10GeP2S12.

[37]

Solid electrolytes for Li-ion batteries can be divided into  
3 categories: inorganic electrolytes, polymer electrolytes, and 
composite electrolytes. Several reviews[17,33,38] and books[25] are 
already available on the first two categories and an overview of 
the most important solid electrolyte systems with typical ranges 
of reported Li-ion conductivity is shown in Table 1.

The inorganic electrolytes can be further divided into crystal-
line materials and glasses. The crystal materials further include 
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material classes such as LISICON-type electrolytes (Li2+2xZn1−x 
GeO4),

[39] lithium-perovskites (Li3xLa2/3-xTiO3),
[40] lithium-

argyrodites (Li6PS5X, X = Cl,Br,I),[41] sodium super ionic con-
ductor (NASICON)-like materials[6] (Li1+6xM′4+2x3+x(PO4)3,  
M = Ti, Ge, Sn, Hf, or Zr and M′ = Cr, Al, Ga, Sc, Y, In, or La), 
and lithium garnet Li5La3M2O12 (M = Nb, Ta).[42] The lithium 
super ionic conductor (LISICON) and NASICON (as it was first 
explored as an electrolyte for Na-ions) are two different types 
of Li-ion electrolytes which, though predicted to achieve high 
performance, are only able to attain Li-ion conductivities of 
about 10−3 S cm−1. The new thio-LISICON materials with gen-
eral composition Li10(M1-xNx)P2S12 (M,N = Ge, Si, Sn) reach 
conductivities close to 10 mS cm−1 and can be increased even 
higher by doping with, e.g., Cl.[22] Inorganic glass electrolytes 
are often mixtures of several amorphous compounds, e.g., 
Li3PO4–Li2S–SiS2

[43] and Li2S–P2S5.
[44] Whereas Li3PO4 and 

Li2S have a room temperature conductivity of only 10−9[45] and 
10−13 S cm−1[46] respectively, the composite glasses above have 
a conductivity of 1.5 × 10−3 and 8 × 10−5 mS cm−1, respectively.

Polymer electrolytes are composed of a polymer and a 
lithium salt—typically polyethylene oxide (PEO) with a com-
monly used lithium salts like LiClO4,

[47] LiBF4,
[48] LiPF6,

[49] and 
Li[TFSI][50]—where the lithium salt is solvated by the polymer 
chain. Efforts have mainly focused on increasing the conduc-
tivity of the solid electrolyte.

The focus of this introduction will be, on solid composite 
electrolytes or solid composite electrolyte (SCE) where seem-
ingly inactive inorganic oxides mixed with organic, inorganic, 

or polymer Li-ion electrolytes results in an 
enhancement of the electrolyte conduc-
tivity. Nanocomposites of an ionic liquid 
electrolyte confined within an oxide porous 
matrix, sometimes also referred to as iono-
gels, are also included in this category. 
Recently, we have shown that for these 
nanocomposite electrolytes enhancement can 
also be obtained by careful control of the sur-
face functionalization which opens the door 
for engineering of new materials.[51] Note 
that whereas ionic liquid electrolytes are typi-
cally in the liquid state at room temperature, 
the ionic liquid electrolyte in nanoconfined 
spaces becomes solid or solid-like due to the 
complete or particle adsorption on the pore 
wall surface. Indeed, it is this adsorption 
which also leads to the enhanced interfacial 
ion conductivity of the nanocomposites.

1.3. Ionic Conduction in Solid Electrolytes

In general, the ionic conductivity, σ, can 
be expressed as the sum of all the moving 
charged species, i, through the electrolyte 
according to[52]

∑σ = q c ui i i
i

 (1)

where qi is the charge number, ci is the 
concentration, and ui is the mobility of the charged species. 
Lithium ions can move through solid electrolytes following 
different mechanisms. In inorganic crystal electrolytes, lattice 
defects such as vacancies and interstitials exist. Also in glass 
electrolytes such as Li3PO4 there are so-call “charged defects” 
where ions are missing from their regular sites.[53] Li+ ions hop 
through these defects. The probability, P, for an ion to jump to 
its neighboring site is[52]

1 /( )= −P z c N fv  (2)

where z is the number of the nearest neighboring sites; f is a geo-
metrical factor of order unity that depends on the jump path; N is 
the number of normal sites per unit volume (i.e., c/N is the frac-
tion of defects); ν is the hopping frequency which is expressed as

ν ν= −
∆



exp0

mG

kT
 (3)

where ν0 is the attempt frequency (≈1012 Hz), k is the Boltz-
mann constant; T is temperature; and ∆Gm is the motional free 
energy which describes the energy barrier for the ion motion

m m m∆ = ∆ − ∆G H T S  (4)

with ∆Hm and ∆Sm the motional enthalpy and entropy, respec-
tively. Under an electrical field, the possibility of the ion motion 
along this field becomes

Adv. Mater. Interfaces 2018, 1800899

Table 1. Overview of solid electrolyte materials for lithium ion batteries.[17,33,38,42]

Electrolyte Composition Conductivity at RT [S cm−1]

Sulfide crystal (thio-LISICON  

and argyrodite)

Li10MP2S12(M = Si, Ge, Sn)

Li11SiPS12

Li3+x(P1−xSix)S4

10−6–10−2

Li6PS5X (X = Cl, Br, I)

LISICON Li2+2xZn1−xGeO4

Li4±xSi1–xXxO4 (X = P, Al, or Ge)

10−7–10−4

NASICON-like Li1+6xM
4+

2–xM′3+
x(PO4)3 (M = Ti, Ge, Sn, Hf,  

or Zr and M′ = Cr, Al, Ga, Sc, Y, In, or La)

10−10–10−3

Garnet Li3Ln3Te2O12 (Ln = Y, Pr, Nd, Sm–Lu)

Li5La3M2O12(M = Nb, Ta, Sb)

Li6ALa2M2O12 (A = Mg, Ca, Sr, Ba; M = Nb, Ta)

Li7La3M2O12(M = Zr, Sn)

10−6–10−3

Li3N Li3N 10−3

Li-β-alumina 1.13Li2O–11 Al2O3 to 1.13Li2O–11 Al2O3 10−4–10−3

Li2O–Al2O3–SiO2 glass LiAlSiO4 10−5

LiPON LixPOyNz 10−7–10−6

Sulfide glass Li2S–P2S5

Li2S–Si2S5–Li4SiO4

Li7P3S11

Li2S–P2S5–LiI

Li2S–P2S5–LiBH4, etc.

10−5–10−2

Solid polymer electrolyte PEO-LiX, (X = BF−
4, TFSI−, PF−

6, ClO−
4, etc.) 10−8–10−4

solid composite electrolyte Oxide/lithium salt

Oxide/polymer

Oxide/ionic liquid electrolyte

10−8–10−2
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ν( )= − −
∆ −





− −
∆ +











′ 1 / exp
/6

exp
/6

0
m mP z c N f

G qEl

kT

G qEl

kT
 (5)

where E is the electrical filed; l is the distance between neigh-
boring sites; and “6” means ions move in three dimensions. 
Therefore, the drift velocity, V, of ions is

= ′

2
V P

l
 (6)

As qEl/6 ≪ kT holds for the temperature where ions are 
mobile,[52] Equation (6) becomes

ν( )= − −
∆



2

1 / exp
3

0
mV

l
z c N f

G

kT

qEl

kT
 (7)

The mobility of ions is defined as

=u
V

E
 (8)

Comparison of Equations (7) and (8) gives

ν( )= − −
∆



1 / exp

6
0

mu lz c N f
G

kT

ql

kT
 (9)

Substitution of Equation (9) into Equation (1) yields the con-
ductivity of Li+ in the electrolyte

1 /

6
exp

2 2
0 mσ

ν( )
=

−
−

∆





q l zc c N f

kT

G

kT
 (10)

Equation (10) can be rewritten as

exp0 aσ
σ

=
−



T

E

kT
 (11)

where Ea is the activation energy, and σ0 is a pre-exponential 
factor. Obviously, they can be expressed as

a m= ∆E H  (12)

1 /

6
exp0

2 2
0 mσ

ν( )
=

− ∆





q l zc c N f

k

S

k
 (13)

Equation (11) is known as Arrhenius equation. If the defect 
concentration depends on temperature, it follows

= −
∆



exp cc N

G

kT
 (14)

in which ∆Gc = ∆Hc − T∆Sc is the free energy of defect for-
mation. In this case, substitution of Equation (14) into 
Equation (10) gives

a m c= ∆ + ∆E H H  (15)

1 /

6
exp0

2 2
0 m cσ

ν( )
=

− ∆ + ∆





q l zN c N f

k

S S

k
 (16)

where ∆Hc and ∆Sc are, respectively, the enthalpy and entropy 
of defect formation. The activation energy comprises of Cou-
lombic binding energy, Ec, and volumetric strain energy caused 
by the ions’ motion, Es.

[54] The former is inversely proportional 
to the ion size, while the latter is expected to increase as the ion 
size increases.[55]

In solid polymer electrolytes, Li+ ions conduct by the migra-
tion of defects which is coupled with the deformation of the 
polymer chain.[53] Typically, Li+ ions are coordinated by the ether 
moieties of the polyethylene oxide chain which are wrapped 
around the ions. Li+ ions then migrate along the poly-ether 
chain by exchanging one coordination center with another 
further along the motion path. In this second mechanism, the 
temperature dependence of the conductivity is expressed as[53]

exp0

1/2
0

σ
σ

= −
−





T

B

T T
 (17)

where B is the so-called pseudoactivation energy, T0 is related 
to the glass transition temperature of the polymer Tg as 
T0 ≅ Tg − 50 K; and σ0 is the pre-exponential factor which is a 
function of the charge carrier concentration.

It is useful to relate the conductivity to the diffusion coef-
ficient, D, as the latter can be characterized with many non-
electrochemical techniques.[56] The electrochemical potential of 
an ion, µ , is

µ µ ϕ= + q  (18)

where ϕ is the electrostatic potential and µ is the chemical 
potential. The latter follows

ln0µ µ= + kT c  (19)

with µ0 the standard chemical potential. A deviation of the 
electrochemical potential in the electrolyte exerts a force Fi on 
charges

i µ µ ϕ( )= −∇ = −∇ +F q  (20)

This force results in an ion flux, ji, comprised of a diffusion 
flux jd and an electrical drift je. These two parts are, respectively, 
expressed as

d = − ∇j D c  (21)

e =j cuE  (22)

where E is the electrical field, which equals − ∇ϕ. Equation (21) 
is from Fick’s law.[53] At equilibrium, the net ion flux is zero. 
This means

0d e+ = − ∇ + =j j D c cuE  (23)

According to Boltzmann distribution, the concentration of a 
charge is

exp0

ϕ
= 



c c

q

kT
 (24)
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where c0 is a constant. Substitution of Equation (24) in to 
Equation (23) yields[52]

/=u Dq kT  (25)

The conductivity of the solid electrolyte can accordingly be 
improved by increasing the Li+ concentration, the defect con-
centration, and by lowering the activation energy for diffusion 
or migration. The activation energy for inorganic crystals can 
be lowered, for example, by widening the narrowest passage or 
bottle neck for Li+ transport in the lattice by the introduction 
of large equivalent atoms by doping or even total replacement. 
For example, in the case of Li0.34Nd0.55TiO3, replacing the Nd3+ 
with La3+ resulted in a lowering of EA from 0.5 to 0.4 eV for 
the equivalent Li0.34La0.55TiO3.

[33] Alternatively, the Li+ and 
vacancy concentrations can be increased by aliovalent substitu-
tion where a higher valence element is substituted by a lower 
valence one and additional Li+ to compensate the valence differ-
ence as, for example, in the case of Li3+x(P1–xSix)O4 where P5+ is 
partially substituted by Si4+ and Li+.[33,57,58]

1.4. Heterogeneous Doping in SCE

Heterogeneous doping typically refers to the phenomena 
of increased ionic conductivity at the interfaces between an 
inert solid phase, such as silica or alumina oxide particles, 
and an electrolyte.[59] Conductivity enhancement in two-phase 
composite systems has been known for almost 90 years,[60] how-
ever, the phenomena picked up little interest until a 100 times 
enhancement in Li+ conductivity at room temperature was 
reported, simply by dispersing Al2O3 particles in LiI.[61] Since 
then, an ionic conductivity enhancement of up to four orders 
of magnitude (but still <1 mS cm−1) has been reported for solid 
composite electrolyte systems with well-controlled nanocon-
finement of the Li-salt.[62] The concept of using interfaces to 
engineer ion conductivity has also been termed “nanoionics.”[63]

The increased conductivity by heterogeneous doping is 
believed to be the result of a significant increase in the defect 
concentration (Li-ion vacancies) at the interface between the 
dopant (oxide) and the electrolyte. The ions in the electrolyte 
adsorb on the oxide surface to form an electrical double layer 
and as such leave their lattice positions, thus creating a layer 
rich in vacancies at the interface between the electrolyte and the 
dopant (Figure 1). Several Li-ion SCEs have been demonstrated 
since the first report of the LiI/Al2O3 SCE which has been 
applied in commercial Li/LiI pacemaker batteries later.[64–66] 
Li-ion solid composite electrolytes or SCE are made by mixing 
a simple solid lithium salt such as LiI,[67] LiClO4,

[68] Li3PO4,
[69] 

LiF,[70] and Li2CO3
[71] with a dielectric matrix material which is 

typically Al2O3
[72] or SiO2

[73] (see Table 2). The oxide matrix is 
usually supplied in the form of solid nanoparticles (Figure 1a) 
or mesoporous micron particles (Figure 1b). Even though 
impressive enhancements in conductivity up to 10 000-fold[74] 
have been shown for these simple salt/oxide solid particle–par-
ticle composites with purely inorganic solid/solid interfaces, 
the room temperature Li-ion conductivities do not exceed 
10−5 S cm−1, i.e., still several orders of magnitude too low for 
application in large capacity LIBs (the conductivities of liquid 

electrolytes are about 10 mS cm−1). The inorganic Li-salt/oxide 
systems form the first category of solid composite electrolytes 
which will be reviewed here in Section 2 for SCE with solid/
solid interface.

Composites with oxide nanoparticles are also known as solid 
polymer electrolytes.[80–84] Li-ion conductivity enhancement was 
also found in SCEs where Al2O3, TiO2 and SiO2 nanoparticles 
were mixed with LiClO4-PEO polymer electrolyte (see Tables 5 
and 6). Hence, heterogeneous doping or conduction pro-
moting interface interactions are also prevalent for composites 
with solid electrolyte solutions as the Li+ ions in the polymer 
electrolyte are effectively solvated by four ether moieties of 
the polyethylene oxide chain. In this case, the explanation of 
a vacancy enriched layer as for the inorganic solid/solid, i.e.; 
Li-salt/oxide SCE, is no longer valid. In this case the interface 
is solvent-like: the Li+ ions are solvated at the interface, as in 
a liquid electrolyte. Even so, an electrical double layer will still 
form at the interface which is in this case governed by the more 
standard Helmholtz-layer and Stern-layer models for electrolyte 
solutions. In addition, chemical and dipole interactions can 
provide molecular ordering and/or adsorption on the oxide sur-
face area. In this regard, there are several publications where 
the oxide particle surface has been intentionally functionalized 
with, for example, self-assembled monolayers or self-assembled 
monolayers (SAMs) to engineer the Li-ion conduction at the 
oxide interface.[85] The interface conduction phenomena on the 
polymer-SCE will be covered in Section 3.

More recently, attempts have also been made to increase 
the Li-ion conductivity of ILE by the addition of oxide particles 
resulting in viscous to gel-type composites.[51,86,87] However, in 
these cases, the ion conductivity hardly exceeded that of the 
bulk ILE. As for the solid composite polymer electrolytes, sol-
vent-like interfaces are also formed here. In addition, evidence 
suggests that ionic liquid molecules do adsorb on oxides into 
ordered molecular structure.[88]

An interesting new approach for the fabrication of solid 
composite electrolytes with ionic liquid electrolytes is a sol–gel 
process where the oxide matrix is made by a hydrolysis-conden-
sation reaction (e.g., porous silica from tetraethyl orthosilicate 
(TEOS) precursor) with an ionic liquid electrolyte added to the 
sol–gel solutions. The ionic liquid electrolyte is entrapped inside 
the nanoporous structure of the oxide matrix after curing and 
the product can be a powder or solid monolith. This material 
has also been nicknamed “ionogel.”[89,90] The main advantage 
of these sol–gel derived ionic liquid electrolyte based solid com-
posite electrolytes (ILE-SCEs) is that they can form an inter-
connected oxide matrix under the right synthesis conditions. 
These interconnected oxide surfaces have the potential for har-
vesting the most out of the interface conduction enhancement. 
Indeed, whereas for interconnected silica pores, the ions can 
move along the surface from one end of the monolith all the 
way to the other end of the monolith, the particle composites 
have to rely on percolation through an ILE layer, in between 
the particles, as schematically shown in Figure 1a. In addition, 
the nanoconfined ILE is expected to have different properties 
than bulk ILE and the interface interactions can be maximized 
by decreasing the pore size. The concept of ILE-SCE is rela-
tively new and has not been reviewed yet. In Section 4, the 
preparation, the interface structure, and conduction models 
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of the ILE-SCE will be covered with a focus on the effect of 
the interface structure on the conduction. The role of the key 
factors, such as the surface chemistry of the matrix, the salt, 
and the functional group in the interface interaction will be 

summarized to guide the design of ILE-SCEs with solvent-like 
interface.

2. SCEs with Solid–Solid Interface

2.1. The Space Charge Layer Theory

The “space-charge layer” theory is generally accepted to explain 
the interface conduction in the solid–solid composite electro-
lyte.[63,91–93] Figure 1 shows a schematic of the space charge 
layer formed at the SCE solid/solid interface. In general, for 
oxides with higher work functions (or lower Fermi energy) than 
the MX salt compound, the M+ cations will move from the ionic 
conductor toward the oxide surface. The resulting electrical 
double layer then compensates the work function difference so 
that the Fermi levels are aligned at equilibrium. In doing so, the 
cations leave behind vacancies and anions with uncompensated 
charge distributed over a layer near the interface. This process 
can be described by the following defect equilibrium reaction[94]

+ ↔ +
′

M s s
•

MM V M V  (26)
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Table 2. Some SCEs developed for lithium ion batteries.[71]

SCE Ionic conductivity  
[S cm−1]

Measurement  
temperature [°C]

Conductivity 
enhancement

Ref.

LiI//Al2O3 1.2 × 10−5 25 50 [61]

LiI/SiO2 2 × 10−4 220 10 [67]

LiI/Li3N 3.5 × 10−7 25 – [75]

LiClO4/Al2O3 2.5 × 10−2 200 1000 [76]

LiClO4/Al2O3 2.5 × 10−6 100 200 [77]

LiClO4/SiO2 ≈10−5 40 10 000 [74]

Li3PO4/Al2O3 1.5 × 10−6 393 10 [78]

Li2SO4//Al2O3 4.3 × 10−5 253 1000 [79]

LiF/Al2O3 3.6 × 10−8 300 – [70]

Li2CO3/Al2O3 5.6 × 10−8 150 80 [71]

Figure 1. Schematic of SCEs with solid particles with point-to-point contacts as matrix dispersed in a conductor a), and SCEs with porous oxides as 
matrix where the interconnected pores are filled with the conductor b); the gray, yellow, and green parts represent the oxide, interface, and conductor, 
respectively; top right is a schematic of the space charge layer at the interface of the SCE. Ions (green and blue dots) can absorb on the surface of the 
matrix thus creating defects (yellow circles); bottom right is a diagram of the increased defect concentration (Cv) at the interface.
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where MM is a metal ion at regular lattice site, Vs is an unoc-
cupied interface site, s

•M  is the metal ion at the interface site, 
and V′M is the metal ion vacancy left behind by the metal ion 
MM. The ease for this solid-state exchange reaction to happen 
depends on the standard free energy of the reaction, ∆ °G , and 
the concentration of each species (ΔG = 0 at equilibrium). To 
include the effect of the electrostatic potential as a result of 
uncompensated charges, one has to consider the electrochem-
ical potential. At equilibrium, the distribution of vacancies 
satisfies the condition that the deviation of the electrochemical 
potential, ( )µ xi , of charged species is zero

µ µ ϕ( )( ) ( ) ( )∇ = ∇ + =
∼

0x x q xi i i
 (27)

where µi(x) is the chemical potential of the charged species 
which is a function of their effective concentration at a distance, 
x, away from the interface boundary of the two phases; qi is the 
charge of the species; ϕ(x) is the electrostatic potential at a dis-
tance x and it is related to the concentration of charged species 
through the Poisson equation. The vacancy, or more general, 
the defect concentration enhancement ζi after the equilibrium, 
defined as the ratio of the defect concentration at the interface 
and in the bulk, c∞, can be expressed as[95]

1 exp / 1 exp
2 2

ζ
λ λ

θ
λ

θ



 = + −











− −











x x x
i i i  (28)

where λ is the so-called Debye length which characterizes the 
dimension of the space charge layer, and is defined as

λ
εε

=




∞2

0

2

1/2
RT

F c
 (29)

where F, R, and εε0 are, respectively, Faradaic constant, gas con-
stant, and the dielectric permittivity of the ionic conductor. The 
contribution of surface properties on the interface enhance-
ment is captured by θi defined as[96]

/, 0
0.25

, 0
0.25

, 0
0.25

, 0
0.25θ ζ ζ ζ ζ] [= − + = =

−
= =

−
i i x i x i x i x  (30)

The surface acidity or basicity is a good example of a sur-
face property that strongly affects the interface layer and thus 
the interface conduction. For example, Maier[96] showed that 
by changing the surface of the alumina from OH to OLi 
terminated, the conductivity enhancement of the LiI/Al2O3 
composite increased from 30 times to 200 times. It was also 
reported that the surface conductivity of a AgCl film changed 
with the measurement ambient. When measured in NH3, a 
Lewis base that can interact with Ag+, the conductivity of the 
AgCl film was higher than when obtained in N2, a rather inert 
gas considered to attract no Ag+.[97] Uvarov and co-workers[76,77] 
showed that the activation energies of Li-ion diffusion for com-
posites of LiClO4 with γ-Al2O3 and γ- LiAlO2 were lower than 
those for the composites with α-Al2O3 and α-LiAlO2. This dif-
ference was attributed to the difference in the arrangement of 
the surface atoms of the matrix (although the work function 
may also be different). However, it is noted that it is not easy to 
extract the surface effect only, as the particles in the composite 
itself likely have changed as well, e.g., particle size distribution, 

particle morphology, particle-to-particle distance, and average 
contact area. The reader is referred to the following review 
paper[71] for more specifics on the particle-to-particle interaction 
in these all-solid particle composite electrolytes.

Calculation of overall conductivity enhancement at the oxide/
ionic conductor interface is hence not straight forward. Even 
so, the theoretical treatment above indicates that the conduc-
tivity enhancement will be largest when the free energy of the 
interface interaction is most negative (Equation (26)). Hence, it 
seems the introduction of negative surface charge is expected 
to enhance the cation ion conduction, either as the result of 
an intrinsic material property (work function and surface ter-
mination) or introduced by surface functionalization. Further-
more, the interface layer (λ) will be wider (more lanes on the 
highway of vacancies) when the dielectric constant is smaller 
(Equation (29)). Because the interfaces in the particle–particle 
SCE are interwoven into a complicated, torturous network with 
matrix particles and bulk-phase lithium compounds embedded 
inside, the calculation of the interface conduction is difficult.

A layered thin-film SCE can be used as a model system to 
study the interface conduction. Figure 2a illustrates a schematic 
of such a layered thin-film SCE. This model planar SCE consists 
of an ionic conductor layer deposited over the planar matrix 
substrate, usually an oxide which is measured with foreseen of 
interdigitated or comb electrodes. The conductance Y, typically 
measured between two opposing electrodes, is the sum of the 
conduction along the interface layer and the conductor layer. 
Plotting Y as a function of the thickness of the conductor layer L,  
as shown in Figure 2b, reveals whether there is interface con-
ductivity enhancement and how strong the enhancement is.[95] 
In the absence of interface conduction, the conductance varies 
proportionally with conductor layer thickness (in case of no 
grain boundary contribution). In case of interface contribution, 
the conductivity curves will rise above this line. In addition, the 
width of the space charge layer, λ can be determined using this 
conductance versus thickness plot.

The layered thin-film SCE method has been used also to 
support the space charge layer theory.[98,99] However, extrac-
tion of quantitative parameters such as the thickness of 
space-charge layer or Debye length, λ, turned out not to 
be straightforward. One of the first attempts was done by 
Schreck et al.[100] who measured the interface conduction of 
5–300 nm thin LiI films thermally evaporated on a sapphire 
substrate. The conductance versus thickness plot of the SCEs, 
as shown in Figure 3a, indeed showed the profile expected 
for strong contribution of interface conduction. From their 
proposed model, they calculated an interface width or Debye 
length as λ = 30 nm for a 7-fold conductivity enhancement 
at the interface. A few years later, using the same data set, 
Maier[94] derived a 20-fold conductivity enhancement for 
λ = 62 nm using their model. Figure 3b shows an example 
using a modified approach whereby multilayer stacks are used 
to increase the number of interfaces while the thickness of 
the lamella is decreased. They[101] found that the conductivity 
of 2–500 nm thin BaF2/CaF2 layers, fabricated by molecular 
beam epitaxy (MBE), increased by two orders of magnitude as 
the individual layer thinned (Figure 3b) due to the contribu-
tion of interface conduction. The Debye length λ was calcu-
lated to be 10 nm, which agreed well with the experimental 
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observation that the conductivity of the layer increased sharply 
as the layer thickness approached 4λ.

In contrast, some studies using layered thin-film SCEs have 
challenged the space charge theory.[102–105] For example, Mühl-
herr et al.[104] attributed a 1000-fold conductivity enhancement 
for a AgCl/Al2O3 layered thin-film SCE to grain boundaries and 
dislocations, rather than to the space charge layer. They based 
their arguments on the fact that the Debye length determined 
using the space charge theory (180 nm) was about ten times 
larger than the initial rising part in the conductance versus 
conductor layer thickness plot. Likewise, Modine et al.[103] 
observed that the conductivity enhancements of the LiI/Al2O3 
layers thermally deposited at 27 and 100 °C were, respectively, 
40 times and none. Furthermore, this 40-time enhancement 

was found to decay over time, indicating grain growth or defect 
annihilation. The author thus assumed that dislocations, which 
were generally thermally unstable at the interface, caused the 
conductivity enhancement.

In general, only a few reports on layered thin-film SCEs 
have been published, possibly because of the need for smooth 
ultra-thin films with uniform thickness and of micropatterning 
capabilities. Indeed, the thickness of the interface layer, char-
acterized by the Debye length, can be less than 10 nm in some 
cases. To perform a good measurement, one has to be able to 
scale the film thickness at least down to the Debye length. The 
most used deposition techniques in literature were thermal 
evaporation techniques which are not well-suited for deposi-
tion of continuous and smooth films of sufficient thinness. For 
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Figure 2. a) Schematic of a layered thin-film SCE for the characterization of interface conduction. The green, yellow and gray parts stand for the ionic 
conductor, the interface and the oxide matrix, respectively. Black blocks represent comb/interdigitated electrodes for the conductivity measurement; 
b) projected conductance (Y) versus conductor thickness (vertical to the conductor/matrix interface) plot of the layered thin-film SCE with (green line) 
and without (black dotted line) interface conduction; b) Adapted with permission.[94] Copyright 1985, Elsevier.

Figure 3. a) Reported conductance of the LiI/sapphire layered thin-film SCE versus LiI thickness (dots). The dashed line represents the projected 
conductance of the LiI without interface conduction. Reprinted with permission.[100] Copyright 1986, Springer. b) Reported conductivity of the BaF2/
CaF2 layered thin-film SCEs of different thicknesses. The conductivity of the SCEs increases as the thickness of the individual layer decreases. Inserts 
are schematics of the SCEs. Reprinted with permission.[101] Copyright 2000, Nature Publishing Group.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800899 (9 of 31)

www.advmatinterfaces.de

example, the 15 nm “films” deposited by MBE in ref. [101] were 
in fact reported to be islands instead of continuous films. This 
discontinuity of the films obviously affects the conductivity, 
thus making the determination of the interface conduction 
inaccurate. Also, Furusawa et al.[106] concluded that the conduc-
tivities of thermally deposited lithium alumino-silicate on SiO2 
and Al2O3 substrates were not suited to derive the interface 
condition because the films were too thick. To overcome this 
difficulty, deposition techniques such as atomic layer deposition 
(ALD) that can control the film thickness at the atomic level and 
cover the surface profile of the interdigitated electrodes with 
excellent conformity could be employed. Another issue can be 
the very large resistances associated with these thin films. As 
the conductivities of the investigated films are typically below 
10−6 S cm−1, in some cases even below 10−9 S cm−1, the resist-
ance of a 10 nm film can easily exceed 109–1012 Ω for interdigi-
tated electrodes where the total length of the comb electrode is 
1000 times that of the distance between the electrodes. Meas-
urement of such high resistance can have an error of more 
than 35%.[103] Hence, for accurate determination of resistance, 
the availability of good micropatterning capabilities is required 
to maximize the length of the comb electrodes and minimize 
the distance between the electrodes.

2.2. Conductivity Models for the Particle-Based SCEs

In particle-based SCEs, the interface layer and bulk conductor 
form a conduction network where ions percolate from particle 
to particle through the composite (Figure 1a). As such, the 
overall conductivity of the composite depends on the distribu-
tion of the conductor and matrix particles. Indeed, the con-
ductivity was observed to vary with the volume fraction of 
the matrix as shown in Figure 4a (for LiI/Al2O3 SCEs). The 
ion conductivity increases with increasing content of oxide 
matrix until a maximum is reached which corresponds to the 
optimum distribution of percolation paths. Beyond this point, 

existing paths are blocked by the additional volume of the 
matrix. In general, the conductivity of the SCE can be described 
as follows (assuming the matrix is ionically and electronically 
insulating)[94]

1 V b in V,in inσ β σ β σ( )= − +∞ x x  (31)

where xV and xV,in are the volume fractions of the matrix and 
interface, respectively; β∞ and βin are parameters representing 
the influence of the distribution and morphology of the particles 
and interface; and σb and σin are the bulk and interface conduc-
tivity, respectively. Several models have been proposed which 
differ in their derivation of the parameters in Equation (31).  
Each of these models manages to fit experimental data of some 
specific electrolyte/oxide systems, but so far, no generally appli-
cable model for the conductivity of the SCE exists. From the 
fits, parameters such as the width of the space charge region, 
the critical volume fraction where enhanced conductivity is 
likely to be maximal, or where the conductivity is expected to 
steeply decline have been extracted.

2.2.1. Resistor Network Model

In this model, the matrix and conductor are assumed to be 
cubic particles in contact with each other and the SCE is rep-
resented by an electrical circuit with resistors connected in par-
allel and in series.[107,108] The conductivity of the SCE is given by
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with σb the conductivity of the bulk conductor, σin the inter-
face conductivity, x the distance from the center of the cubic 
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Figure 4. a) conductivity versus Al2O3 volume content of the LiI/Al2O3 SCE. Reprinted with permission.[61] Copyright 1973, The Electrochemical Society. 
b) A schematic of the percolation model for the SCE, with the filled and unfilled sites corresponding to the matrix and lithium conductor, respectively. 
The red lines represent the percolation of the interface. Reprinted with permission.[110] Copyright 1985, American Physical Society.
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particles, a the size of the cubic particle, t the thickness of inter-
face layer, and s and m fitting parameters.

This model manages to describe the effect of particle size 
on the conductivity. Using this model, a good fit for the experi-
mental data of the LiI–Al2O3 system was achieved without 
making a priori predictions for the parameters. However, this 
model neglects the random distribution of oxide particles, and 
is therefore mostly suited for systems in which the matrix parti-
cles have an ordered structure.

2.2.2. Percolation Model

In the percolation model, the matrix and conductor particles 
are simulated as two-dimensional squares randomly filling 
in the positions of the planar lattice[109–111] (Figure 4b). The 
interfaces between two squares are represented by a resistor: 
the matrix-matrix interface has zero conductance and, the con-
ductor–conductor and matrix–conductor interfaces have bulk 
and interface conductance, respectively.[112–114]

The percolation theory can predict the dependence of the 
conductivity on the volume fraction of the matrix phase. It 
could express low conductivity at the two ends of the volume 
fraction and a maximum of the conductivity near the middle of 
the volume fraction (Figure 4a). Jiang and Wagner[115] further 
improved the percolation model by adding a specific thick-
ness for the space charge region. Moreover, by allowing the 
particles of both phases to agglomerate to create a nonideal 
random distribution, its accuracy was improved. Qualitatively, 
it explains the conductivity dependence on particle size, the 
shift of optimum oxide concentration for nonideal random dis-
tributions and the influence of the increase in defect density 
on the conductivity. The model fits the experimental data of 
the LiI-Al2O3 SCE quite well over the entire volumetric range, 
and the conductivity of the CuCl–Al2O3 SCE with Al2O3 for less 
than 20 vol%.[115]

2.2.3. Effective Medium Model

The effective medium model assumes that the matrix parti-
cles are uniformly distributed in the conductor phase, and 
describes the effect of the volume reduction of the conductor 
on the SCE conductivity.[116–119] The first effective medium 
model applied to solid composite electrolytes was adapted 
from a model developed for binary metallic mixtures by 
Landauer[120] As such, the model did not yet include the 
enhancement of the interface layer. Further improvement to 
the effective medium model for SCE was done by Nan and 
Smith[118] for a three-phase system including the highly con-
ductive interface layer. The model successfully predicted the 
variation of the conductivity enhancement with the volume 
fraction of the matrix; giving the onset of percolation, the 
concentration corresponding to the maximum conductivity 
and second percolation threshold where the isolation particles 
dominate the conductivity. In addition, it qualitatively 
describes the effect of the proportion of interface, and the 
oxide particle size on the conductivity. It can fit the conductivi-
ties of Li2SO4/Al2O3 and LiCl-Al2O3 SCEs.[70]

2.3. Effect of Porous Matrix Structure on Conductivity  
of Particle-Based SCE

The above models indicate that the matrix particle size plays 
an important role in the conductivity enhancement. Decreasing 
the particle size increases the specific surface area and thus the 
proportion of interface in the SCE. Hence, the SCE conductivity 
is expected to increase as the particle size deceases, which is 
indeed observed experimentally. For example, it was reported 
that the maximum conductivity of the LiI/Al2O3 SCE increased 
by 8 times as the surface area of the A2O3 enlarged from 20 to 
140 m2 g−1.[96] Similarly, with the size of Al2O3 particles ranging 
from 0.06 to 8 µm, CuCl/Al2O3 SCEs showed the highest con-
ductivity for the smallest Al2O3 particles, i.e., an increase from 
≈10−7 S cm−1 for 60 nm particles, to ≈10−6 S cm−1 for 8 µm par-
ticles.[121] Very fine particles (e.g., <10 nm) may, however, cause 
a drop in conductivity of the SCE due to agglomeration. Indeed, 
these fine nanoparticles easily form agglomerates when dry, 
which can no longer be efficiently dispersed in liquids,[122–126] 
and this agglomeration tends to decrease the surface area of 
particles.[127] For example, the surface area of 14 nm TiO2 parti-
cles reduces from 100 to 30 m2 g−1 as a result of agglomeration 
to powder.[128] Agglomeration can also affect the distribution 
of the lithium salt and matrix particles in the SCE. If the two 
phases do not contact each other, no interface is formed. There-
fore, the inefficient mixing can affect the interface and in turn 
decrease the overall conductivity of the SCE.

The above nanoparticle agglomeration issue can be resolved 
by using a nanoporous matrix instead. A nanoporous matrix 
can have interconnected pores with a diameter less than 10 nm 
resulting in a large effective or internal surface area. The nano-
porous matrix can come in the form of particles with a few 
to tens of micrometer in size, thus mitigating the agglomera-
tion. Moreover, if the nanoporous matrix is in the form of a 
monolith,[129,130] such as nanoporous silica made by sol–gel 
processes, the interconnected pores can even extend through 
the whole monolith which can be of centimeter size. Such an 
interconnected pore structure provides the possibility for large 
continuous interfaces with undisrupted conduction paths in 
the SCE.

Many types of nanoporous materials have been developed, 
e.g., mesoporous (pore diameter 2–50 nm) silica[131–133] and 
alumina,[134] microporous (pore diameter less than 2 nm) alu-
mina–silicate zeolites,[135,136] and metal organic frameworks 
(MOFs).[137–139] One of the most widely used nanoporous 
materials is mesoporous silica. It is typically prepared using 
so-called templated sol–gel methods.[140] In a classic sol–
gel method for silica, an alkyl silicate, e.g., TEOS, and H2O 
undergo a hydrolysis and condensation reaction forming silica 
in the presence of a catalyst such as acid (e.g., HCl[141]), base 
(e.g., NaOH[142]), or salt (e.g., NaF[143,144]). In the templated 
sol–gel method, a surfactant which is an amphiphilic com-
pound, such as CnH2n+1N(CH3)3Br (CTAB),[145] and a nonionic 
poly(alkylene oxide) block copolymer,[146,147] is added into the 
solution to form circular-shaped micelles, and the silica grows 
around these micelle templates through a cooperative self-
assembly.[131,148–150] After removing the surfactant from the 
silica/surfactant composite, for example by heat treatment,[151] 
liquid extraction,[141] or by ultraviolent treatment,[152] silica with 
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pores of the same shape and similar size as the micelles form. 
Some commonly used mesoporous silica are listed in Table 3. 
The silica can have an internal surface area up to 1000 m2 g−1, 
much higher than that of the nanoparticles (≈100 m2 g−1). In 
addition, the surface can be readily modified with functional 
groups by introducing molecules containing these groups in 
the sol–gel solution,[153,154] or by exposing the synthesized silica 
to a vapor or liquid phase with the functional-group-containing 
molecule.[155–157] The rich surface chemistry could enable the 
design of the interface interaction thus tuning the conductivity 
of the SCE.

MOFs are another class of nanoporous materials of potential 
interest for SCE. MOFs are macromolecular compounds which 
consist of metal ions or clusters coordinated to organic ligands 
to form a porous scaffold with pore or cage sizes typically less 
than 2 nm. MOFs can have a porosity up to 90% and a surface 
area up to 6000 m2 g−1.[162] Also, the functional chemistry in the 
pores or cages can be modified by, for example, postsynthesis 
modification.[139]

Porous materials have been used in SCEs soon after the 
concept of SCE was first introduced in 1973.[61] For example, 
LiI/zeolite (pore size <2 nm) SCEs with a 10-time conductivity 
enhancement were reported by Khandkar et al. in 1986.[163] 
The conductivities of SCEs with a nanoporous matrix generally 
exceed those of the SCEs with solid (in the meaning of non-
porous) particle matrixes. For example, LiI/mesoporous Al2O3 
SCE (pore size of Al2O3 is 4 nm,) by Maekawa et al.[164] had a 
conductivity of 10 times that of the LiI/solid Al2O3 by Liang.[61] 
Also, an astonishing 10 000-time conductivity enhancement 
of LiClO4/mesoporous SiO2 SCE was reported by Ulihin and 
co-workers,[74] which has never been obtained by any SCE 
with solid particles. Some SCEs with porous microparticles as 
matrix are listed in Table 4.

3. Polymer-SCEs

Polymers such as PEO,[82] polyacrylonitrile (PAN),[170] poly-
imide[171] and polymethylmethacrylate (PMMA)[172] with coordi-
nating groups, such as O and O, can solvate lithium salts 
with large anions favorable for the solvation such as ClO4

−,[47] 
BF4

−,[48] and N(SO2CF3)2
− (or TFSI anion)[173] up to several mol 

l−1.[174,175] This polymer/Li+ salt mixture is known as a polymer 
electrolyte. In the electrolyte, Li+ cations are coordinated with 
the polar functional groups in the polymer chain, e.g., ethoxy 
group for PEO, while anions are generally considered as not 

solvated.[176] However, when the lithium ion concentration is 
high, the ions can form ion pairs or clusters where the cation 
associates also with the anion, as the dielectric constant of the 
polymer is low (e.g., 5–8 for PEO).[176] The conduction of the 
Li+ ion through the polymer electrolyte proceeds by both hop-
ping of the Li+ ions and the segmental motion of the polymer 
chain, the rate of which is related to the Tg of the polymer 
(Figure 5).[176] Some typical polymer electrolytes for lithium ion 
batteries are listed in Table 5. The conductivities of polymer 
electrolytes are generally in the range from 10−8 to 10−4 S cm−1.

A polymer-SCE typically consists of inorganic particles, 
e.g., SiO2, and a polymer electrolyte. These two components 
are mechanically mixed or dispersed in a solvent which after-
ward evaporates. Some typical polymer-SCE pairs are listed 
in Table 6. The conductivity of the polymer-SCE generally 
exceeds that of the polymer electrolyte, and the electrolyte 
with inorganic particles and lithium salt only, i.e., solid–solid 
SCE.[80,84,177,178]

Recently, a polymer-SCE with a thin film mesoporous oxide 
has been reported.[179] The 100 nm SCE was fabricated by first 
depositing the mesoporous oxide film by chemical vapor depo-
sition (CVD) and then filling the pore with polymer electrolyte 
by spin-coating. Though the SCE film showed no conductivity 
enhancement, the conductance of such 100 nm thin SCE was 
comparable to that of a 1 µm state-of-the-art LiPON film.

Polymer-SCE with Li+ conductive ceramic or inorganic 
electrolyte particles as fillers, such as Li3N,[180] LLZO,[181] 
NASICON,[182] and LATP,[183] garnet[184] have also been shown,  
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Table 3. Typical porous silica materials prepared using templated sol–
gel processes. MSU-J: Michigan State University material number J; 
SBA-1: Santa Barbara number 1.

Name Surface area [m2 g−1] Pore shape Pore size [nm] Ref.

MCM-41 ≈1000 Cylinder 1.6–10 [151]

SBA-15 630–1040 Cylinder 5–30 [146]

MSU-J 408–1127 Wormhole-like 4.9–14.3 [158]

HMS 1000–1150 Cylinder 1.6–3.1 [159]

KIT-1 Up to 1000 Cylinder 2.5–25 [160]

SBA-1 998–1187 Spherical 1.4–2.7 [161]

Table 4. Some typical SCEs with porous materials as matrix. Data was 
not available in the reference.

SCE Pore size of  
the matrix [nm]

Specific surface area  
of the matrix [m2 g−1]

Conductivity 
enhancement

Ref.

LiClO4/MCM-41 3–4 970 10 000 [74]

RbNO3/SBA-15 14 760 20 [165]

AgI, AgBr/Al2O3 6.8 276 1000 [62]

AgI/SiO2 4 – 2 [166]

LiI/Al2O3 4 315 260 [164]

LiI/Vycor glass 4 250 70 [167]

LiI/Al2O3 2.7 1242 12 [168]

AgI/SBA-15 5 – 20 [169]

LiI/Zeolite – – 10 [163]

Figure 5. Schematic of Li+ conduction in polymer electrolytes. The Green 
line connecting the gray dots the polymer chain, and the orange dots 
represent Li+ ions solvated by the grey oxygen atoms. The anions are not 
included here.
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though the research on this type of SCE is much less extensive 
compared to that on the SCE with nonconductive fillers, e.g., 
SiO2. This type of polymer-SCE has been reviewed recently.[25] 
Different from the nonconductive filler based SCE which is 
typically designed to gain conductivity enhancement, the moti-
vation for the development of these inorganic electrolyte SCE 
are to improve the contact or interface between the inorganic 
electrolyte particles and the active electrode particles, both of 
which are mechanically rigid, and in some cases also to prevent 
electrochemical reaction between the electrode material and 
certain conductive fillers, e.g., LATP.[25] Indeed, the polymer-
SCE with Li+ conductive fillers generally show conductivity 
lower than the filler itself, but much better as compared to the 
polymer electrolyte, which typically has inferior conductivity 
than the inorganic electrolyte. For example, the conductivity of 
an composite electrolyte consisting of PEO polymer, LiCF3SO3 
salt, and Li3N particles is 4 times lower than that of the Li3N 
reference electrolyte.[180] Likewise, the SCE comprised of PEO/
poly(propylene oxide) (PPO), LiCF3SO3, and LATP was reported 
to demonstrate a lower conductivity than LATP electrolyte. 
Also, Cui et al. observed a conductivity of 2 × 10−4 S cm−1 
for the electrolyte containing polyacrylonitrile-LiClO4 and 
15 wt% Li0.33La0.557TiO3, not higher than ≈10−3 S cm−1 for the 
Li0.33La0.557TiO3 ceramic. The decrease in the SCE conductivity, 
as compared to the conductive fillers, is generally attributed to 
the blocking polymer/filler interface.[25] For example, by stud-
ying the impedance of LiCF3SO3 /PEO20 layer coated on both 
sides of an Li3xLa2/3−xTiO3 (LLTO) pellet and laminated between 
two lithium metal electrodes, Abe et al. found that the polymer 
electrolyte/LLTO interface accounted for 83% of the total resist-
ance of the polymer/inorganic stack. The ionically blocking 
nature of the polymer/filler interfaces was also supported by 
the fact that the conductivity of the polymer-SCE decreases 
as the size of the filler decreased; as a smaller filler particle 
size yields larger interfacial area in the SCE.[182,185] For cer-
tain inorganic/polymer combinations, however, an additional 
interfacial resistance was not measured. For example, Tenhaeff 
et al. found that a Li2O–Al2O3–SiO2–P2O5–TiO2–GeO2 mixed 
ceramic membrane laminated between a PEO based polymer 
electrolyte showed no interfacial resistance.[186] These studies 
suggested that the distribution of the polymer and the fillers 
in the SCE and the formation of closed interfacial contacts are 
important aspects for the conduction of the SCE. Recently, 
fiber-like fillers have been used to improve the ionic conduc-
tivity of the polymer-SCE, in which the fibers created a conduc-
tion network,[181,187] and novel methods, e.g., spray coating have 

been applied to fabricate SCE with intimated polymer/filler 
interface.[188,189]

3.1. Interface Interaction in Polymer-SCEs

The conductivity enhancement in polymer-SCEs is also believed 
to be at least in part a result of interface interactions. The 
interaction between the inorganic particles can suppress the 
crystallinity of the polymer thus lowering the Tg of the polymer 
as supported by nuclear magnetic resonance (NMR),[47] X-ray 
powder diffraction (XRD),[199] and differential scanning calo-
rimetry (DSC)[200,201] results. A polymer can consist of crystal 
and/or amorphous parts.[202] The segmental motion of the 
crystal polymer is typically slower than that of the amorphous 
one[203] and thus a higher fraction of amorphous to crystalline 
polymer results in higher ion conductivity.[176] Therefore, as the 
polymer is mostly in amorphous state near the oxide particles, 
the conduction of Li+ in the polymer-SCE increases with an 
increasing oxide particle surface area. Obviously, there will an 
optimum since a larger inactive volume fraction is introduced 
with higher oxide particle content. Alternatively, Lewis acid-base 
interactions between the inorganic particles, the Li-salt, and the 
polymer have been postulated to be responsible for enhanced 
ion conduction.[34,35,81,84,204–206] In this explanation, Li+ is con-
sidered as Lewis acid, and the anions and the solvating groups 
on the polymers, e.g. O, are considered as Lewis bases, 
while the acidity/basicity of the inorganic particles depend on 
their surface chemistry. As such, a more conductive ion motion 
path can be created, e.g., near an oxide particle, where the Li+ 
can hop also from a surface site on the particles to and from 
the polymer.[207] An acidic surface can attract anions or the 
solvating groups, freeing the associated Li+ cations; whereas a 
basic surface attract cations which are then weakly bonded to 
the surface. In both cases a Li+ rich layer is formed, respec-
tively, near and on the particle interface which will affect the 
overall ion conductivity.[84,206,208]

The effect of the Lewis acid–base interaction is supported 
by the observed change in transference number of Li+ ( Li+t )  
for the polymer-SCE. Indeed, in the case where the anions are 
immobilized on the particle surface, the contribution of Li+ 
motion to the total conduction will be augmented. The transfer-
ence number can be determined using NMR[47] or electrochemical  
techniques[209] such as dc–ac measurement,[210] where the  
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Table 5. Some typical polymer electrolytes for lithium ion batteries.

Polymer electrolyte Ionic conductivity [S cm−1] Measured temperature [°C] Ref.

PEO/LiI 6 × 10−5 40 [177]

PEO/LiClO4 1 × 10−7 27 [190]

PEO/LiN(SO2CF3)2 1.5 × 10−5 20 [191]

PEO/LiBF4 1 × 10−6 25 [192]

PEO/LiCF3SO3 1 × 10−9 40 [193]

PPO/LiClO4 1 × 10−5 25 [194]

PPO/LiN(SO2CF3)2 ≈10−5 20 [195]

Table 6. Some typical polymer-SCEs.

Composite electrolyte σ of polymer-
SCE [S cm−1]

σ of polymer  
electrolyte  

ref. [S cm−1]

Temperature  
[°C]

Ref

PEO/LiI/Al2O3 1 × 10−4 0.5 × 10−4 40 [177]

PEO/LiClO4/Al2O3 1 × 10−5 ≈8 × 10−7 25 [81]

PEO/LiClO4/SiO2 8 × 10−6 2 × 10−7 30 [196]

PEO/LiClO4/TiO2 2 × 10−5 2 × 10−6 30 [196]

PEO/LiN(SO2CF3)2/SiO2 1.4 × 10−4 1.5 × 10−5 RT [191]

PEO/ LiClO4/Al2O3 ≈10−5 ≈10−7 RT [197]

PEO/LiBF4/ZrO2 4 × 10−8 2 × 10−8 25 [198]
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Li+-motion current is separated from the total current by non-
blocking electrodes for Li+.[211] The change of the transference 
number of some polymer-SCEs as compared to the pure poly mer 
electrolyte is listed in Table 7. For example, Croce et al.[204] 
reported that the change in the Li+t  value for a PEO/LiClO4 based  
polymer SCE was consistent with the change in Lewis acid/base 
character of the inorganic particles added into the electrolyte. 
Acidic TiO2 particles increased the transference number of the 
polymer-SCE from 0.25 to 0.5–0.6 while the less acidic Al2O3 
particles only gave a modest increase from 0.25 to 0.3. Simi-
larly, Scrosati and co-worker[198] showed that adding a sulfate 
promoted super-acid zirconia into PEO/LiBF4 enhanced the Li+t  
from 0.42 to 0.81 because of the strong interaction between the 
super acidic surface and the anion. Also, they[212] demonstrated 
that a small organic molecule like calixarene has such a large 
anion trapping property that it enhanced the Li+t  of a PEO/LiI 
based composite electrolyte from 0.25 to 0.8–1.

However, studies showed that the effect of the acid-base 
interaction on the conductivity of the polymer-SCE was not 
straightforward, indicating the presence of multiple effects 
or conduction mechanisms existing in parallel. For example, 
Marcinek et al.[215] showed a clear change in the ion conductivity 
for poly(ethylene glycol)(PEG)/LiClO4/Al2O3 SCE where the 
alumina surface chemistry was modified to be neutral, acidic,  
or basic. In all cases, a conductivity enhancement was observed 
compared to the pure polymer electrolyte. The ion conductivity 
of the alumina composites was found to be similar for acidic 
and basic surfaces, and both higher than that of the composite 
with the neutral alumina surface. However, when also the rel-
ative fraction of ion pairs (i.e., the inverse of free or solvated 
ions) was measured,[216] it did not follow the same trend: the 
ion pair fraction was indeed the highest in the pure polymer 
electrolyte, as expected from the conductivity difference, but 
for the composites it decreased from acidic > neutral > basic 
surface. In another example, Croce et al.[207] found that the con-
ductivity enhancement of the PEO/LiCF3SO3 polymer electro-
lyte by adding Al2O3 with acid, basic, and neutral surface was in 
the order of acidic > neutral > reference > basic. Interestingly, 
all the PEO/LiCF3SO3/Al2O3 composite electrolytes showed 
a higher Li+t  than the pure PEO/LiCF3SO3 polymer electrolyte 
reference. The authors suggested that next to Lewis acid-base 

interactions, structural changes also occur to the polymer 
itself, where the modified PEO promoted the Li+ conduction  
(cf. similar to the change in the fraction of amorphous to 
crystalline polymer as discussed above). Similar ambiguity in 
conductivity trends have been found for polymer composites 
with silica particles. For example, Fan et al.[217] found no con-
ductivity enhancement for PEO polymer electrolyte mixed with 
silica for which the surface was modified with nonpolar alkyl 
moieties or polar polyethylene glycol. Kim et al.[218] on the other 
hand, reported a conductivity enhancement for composites of 
PEO/LiN(SO2CF2CF3)2 with SiO2 particles modified with non-
polar trimethylsilyl or [Si(CH3)2O]4H group.

In conclusion, the effect of interface interactions on the 
conductivity of the polymer-SCE is far from straightforward 
as several mechanisms are at play. Three main mechanisms 
have been discussed: 1) structural changes in the polymer 
and their effect on motion of polymer moieties, 3) synergetic 
action between cation surface sites on the inorganic particle 
and polymer sites (solvating functional groups) which facilitate 
the hopping of Li+ along the interface, and 3) complex surface 
chemistry which controls the concentration of free, associated, 
and solvated species at/near the heterogeneous interface. This 
complexity is further deepened by the fact that these effects can 
be interdependent of each other. It is however noted, that some 
of the conflicting findings could be also partially the result of 
unintended experimental differences. For example, the dis-
persion of the particles in the polymer-SCE has been rarely 
checked, even though different surface acidity/basicity can, for 
example, result in different levels of agglomeration. To disperse 
inorganic particles evenly in the polymer phase, the polymer 
has been chemically bonded to the surface of the particles. For 
example, silica has been bonded with various polymers such 
as PEG terminated trimethoxysilane,[219,220] amine terminated 
PEO,[221] and 3-(trihydroxysilyl)-1-propane sulfonic acid.[222]

3.2. Polymer-SCEs with Porous Matrix

As for the solid/solid interfaces discussed in Section 2, 
mesoporous particles can also be used for polymer-SCE to 
increase the interface portion and thus the total ion conductivity.

Some polymer-SCEs with porous particle matrices are listed 
in Table 8. The composites are typically fabricated by impreg-
nating the polymer electrolyte in the porous particles.[223,224] 
For this purpose, the polymer is first dissolved in a volatile 
solvent, such as acetonitrile, which is then removed by drying. 
The fraction of polymer remaining in the pores is determined 
by the starting concentration. The successful dispersion of the 
polymer electrolyte in the porous matrix is indicated by an 
increase of Tg of the polymer.[225] As for the solid–solid SCE, the 
conductivity of these polymer-SCEs with mesoporous matrices 
typically exceeds that of similar SCEs with a solid matrix. For 
example, the conductivity of a composite with mesoporous SiO2 
(5.8 nm pore size) was reported to be three times that of the 
composite with 10 nm SiO2 particles.[226] In these porous SCEs, 
Li+ ions can conduct via the bulk polymer electrolyte phase, the 
external particle surface, and the internal pore surface, as was 
shown by the different relaxation times and activation energies 
for Li+ conduction by NMR (Figure 6).[223,227–230] These results 
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Table 7. Li+ transference number ( Li+t ) and conductivity (measured at 
RT) of some polymer-SCEs and the polymer electrolyte references. P(EO/
EM2): poly[ethylene oxide-co-2-(2-methoxyethoxy)ethyl glycidyl ether.

Polymer-SCE Surface 
property  

of particles

Li+t /conductivity  
[S cm−1] of the 

composite

Li+t /conductivity  
[S cm−1] of  

the ref.

Ref

PEO/LiClO4/TiO2 Acidic 0.65/2 × 10−5 0.25/1 × 10−6 [204]

PEO/LiClO4/Al2O3 Acidic 0.3/1 × 10−5 0.25/1 × 10−6 [204]

P(EO/EM2)/LiClO4/TiO2 Acidic 0.3/1.4 × 10−5 0.14/<10−5 [213]

PEO/LiClO4/Al2O3 Acidic 0.77/– 0.31/– [81]

PEO/LiClO4/BaTiO3 –b) 0.37/1.2 × 10−3a) 0.2/2.4 × 10−4 [214]

PEO/LiN(SO2CF3)2/SiO2 OH 0.22/5.1 × 10−5 0.12/1.5 × 10−5 [204]

PEO/LiClO4/SiO2 OH 0.19/9.7 × 10−6 0.11/9.7 × 10−7 [204]

a)Conductivity measured at 70 °C; b) Data not available.
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prove that there is interface conduction in the polymer-SCEs, 
and that the polymer electrolyte fill the pores. Similar Li+ con-
duction mechanisms have been proposed for the polymer-SCE 
with porous Al2O3

[231] and TiO2.
[232]

Interestingly, it seems that the material composition of 
the porous matrix has a lesser effect on the conductivity 
enhancement than the surface chemistry. For example, 
Tominaga et al.[202] found not more than a two-fold difference 
in the conductivity for a polymer composite electrolyte with 
polyethylene oxide-co-2-(2-methoxyethoxy)ethylglycidylether) 
mixed with LiClO4 and impregnated in mesoporous titania > 
silica > alumina.[213] Also, Xi et al. reported no significant dif-
ference between the conductivities of polymer electrolytes with 
different mesoporous silica such as Santa Barbara number 
15 (SBA-15), mobile composition of matter number 41 (MCM-
41) and hexagonal mesoporous silica (HMS) (5 × 10−5 S cm−1 vs  
2 × 10−5 S cm−1).[233] In contrast, surface modification of porous 
particles is shown to be an effective approach to modify the 
Lewis acid–base interaction in the polymer-SCE thus tuning the 
conductivity. For example, Nan et al. reported that modifying 
the surface of MCM-41 with ethylene carbonate (EC)/propylene 
carbonate (PC) enlarged the conductivity of the PEO/LiClO4/
MCM-41 electrolyte from 10−5 to 10−4 S cm−1.[234] The author 

assumed that the Li+ conducted through the EC/PC function-
alized nanochannels. Also, Tominaga et al.[235,236] observed a  
200-time conductivity enhancement in the PEO/LiCF3SO3/
silica electrolyte where the silica surface was modified with 
1-ethyl-3-methylimidazolium tetrafluoroborate ([EMI][BF4]).

4. ILE-SCEs

4.1. Ionic liquid Electrolytes for LIBs

Room temperature ionic liquids (ILs) are materials that are solely 
comprised of ions and have a melting point below 100–150 °C.[88] 
“Ionic liquid” is now the most generally accepted term but in the 
literature, they have been termed also “fused salts,” “pure liquid 
electrolyte,” “liquid salt,” “ionophore,” “organic room tempera-
ture molten salt,” “low temperature molten salt,” “ambient tem-
perature molten salt,” “ionic fluid,” and “liquid organic salt,” 
etc.[88,243] Good thermal, chemical, and electrochemical stabilities 
of ILs allow them to be used as reaction media for applications 
such as aluminum plating where conventional aqueous electro-
lyte solutions and even most organic solvents cannot be used. 
The development of ILs can be traced back to LiCl–KCl, a eutectic 
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Table 8. Polymer-SCEs with mesoporous particles as matrix. PVDF: poly(vinylidene fluoride). The listed properties of the porous particles include the 
pore size, the surface area, and the surface acidity/basicity.

Polymer electrolyte Porous particles and their properties σ of the composite [S cm−1] σ of the reference [S cm−1] Ref.

PEO/LiBF4 Zeolite ≈10−6 ≈10−9 [225]

PVDF/LiPF6 TiO2 tube, 12–15 nm, 284 m2 g−1 2 × 10−5 3 × 10−6 [232]

PEO/LiClO4 SiO2 (MCM-41), 3 nm, 1030 m2 g−1 4 × 10−5 1 × 10−5 [229]

PEO/LiClO4 ZrO2 1 × 10−4 2 × 10−6 [237]

PEO/LiClO4 LiAlO2, 3 nm, 124 m2 g−1 2 × 10−5 2 × 10−7 [238]

PEO/LiTFSI Al2O3, 5.8 nm, 155 m2 g−1 2 × 10−4 5 × 10−5 [231]

PEO/LiClO4 SiO2 (MCM-41), 3 nm, 1030 m2 g−1 surface modified with ether group 7 × 10−6 2 × 10−6 [223]

PEO/LiClO4 SiO2 (MCM-41), 2.6 nm, 803 m2 g−1 weak acid surface 1 × 10−4 3 × 10−7 [224]

PEO/LiClO4 SiO2 (MCM-41), 4 nm, 965 m2 g−1 5 × 10−5 2 × 10−7 [234]

PEO/LiClO4 SiO2 (MCM-41), 4 nm, 965 m2 g−1; EC/PC modified surface 5 × 10−4 2 × 10−7 [234]

PEO/LiClO4 SiO2 (SBA-15) 3 × 10−5 5 × 10−6 [227]

PEO/LiCF3SO3 SiO2, 7.1 nm 9 × 10−7 7 × 10−8 [235]

PEO/LiCF3SO3 SiO2, 6 nm; [EMI][BF4] modified surface 4 × 10−5 7 × 10−8 [236]

PEO/ LiClO4 SiO2 (SBA-15), 6 nm, 1012 m2 g−1 7 × 10−7 ≈10−8 [239]

PEO/LiClO4 SiO2 (SBA-15), 6 nm, 1012 m2 g−1, γ-aminopropyltriethoxysilane modified surface 1 × 10−6 ≈10−8 [239]

PEO/LiClO4 SiO2 (SBA-15), 6 nm, 600 m2 g−1 2 × 10−5 1 × 10−7 [240]

PEO/LiClO4 SiO2 (MCM-41), 3.4 nm, 650 m2 g−1 1.5 × 10−5 10−7 [233]

PEO/LiClO4 SiO2 (HMS-41), 4.4 nm, 670 m2 g−1 1.5 × 10−5 10−7 [233]

PEO/LiClO4 SiO2 (SBA-15), 5.8 nm, 600 m2 g−1 2 × 10−5 10−7 [233]

PEO/LiClO4 SiO2 (SBA-15), 6 nm, 600 m2 g−1, loaded with P123 3 × 10−5 1 × 10−7 [226]

P(EO/EM2)/LiClO4 TiO2, 220 m2 g−1 1.4 × 10−5 – [213]

P(EO/EM2)/LiClO4 SiO2, 830 m2 g−1 1 × 10−5 – [213]

P(EO/EM2)/LiClO4 Al2O3, 265 m2 g−1 7 × 10−6 – [213]

PEO/LiClO4 Zn4O(1,4-benzenedi-carboxylate)3 MOF 3 × 10−5 7 × 10−6 [241]

PEO/LiTFSI Mg-1,3,5-benzenetricarboxylic MOF 1 × 10−4 1 × 10−7 [242]
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mixture with a melting point of 355 °C[244] which was consid-
ered to be a “low temperature” one compared to the classical 
high temperature molten salts which were difficult to handle 
and needed specialized equipment.[243] Soon after the LiCl–KCl 
mixture, NaCl–AlCl3 was found to have a lower melting pointing 
of 107 °C.[243] Then a 1-butylpyridinium chloride-AlCl3 mixture 
(m.p. 40 °C)[245] was developed based on previous research into 
the lowering of the melting point of AlCl3 mixtures for Al plating 
by the addition of organic molecules. This, in turn, might have 
been inspired by earlier work on the ionic liquid ethylammonium 
nitrate (m.p. 12 °C).[246] This 1-butylpyridinium chloride-AlCl3 
mixture, however, has a limited cathodic stability and is prone 
to hydrolysis. To address these issues and to further reduce the 
melting temperature, the pyridinium ion was replaced by other 
quaternary N-containing cations, such as dialkylimidazolium, 
and the moisture sensitive AlCl3 was replaced by stable anions 
such as bis(trifluoromethane)sulfonimide (TFSI−), NO3

−, and 
SO4

2−, etc.[243] Nowadays, state-of-the-art ILs have melting points 
below 0 °C, can be handled in humid air, and are cathodically 
stable to plate even lithium. Theoretical work[247] showed that the 
large size and conformational flexibility of the ions of the IL lead 
to small lattice enthalpies and large entropy changes that favor 
the liquid state.

ILs have been considered as promising solvents for elec-
trolytes for LIBs.[248] An ILE is a solution where lithium salts 

are dissolved in the ILs. ILEs can have large electrochemical 
windows (up to 9 V[246] with a high oxidation limit[249,250]), 
high thermal stability (decomposition at 300–400 °C),[251] 
nonflammability[252] (which improves the battery safety), and 
reasonable conductivity ranging from 0.1 mS cm−1 up to tens 
of mS cm−1,[16] comparable to that of commercial organic liquid 
electrolytes.[13] Physical chemical properties of some typically 
ILEs are listed in Table 9. Ionic liquids used for LIB electro-
lytes generally have cyclic amine cations such as dialkylpyr-
rolidinium[253] and dialkylimidazolium,[254] and large electron 
withdrawing anions such as TFSI and bis(fluorosulfonyl) imide 
(FSI)[255] (Figure 7a).

The structure of ILs is determined by the intermolecular 
forces such as van der Waals forces, Coulombic or dipole inter-
actions, hydrogen bonding, etc. IL molecules have polar and 
nonpolar parts.[88] For example, the anion and the positively 
charged atoms on the cation such as the N on the imidazolium 
ring are polar whereas the alkyl chains on cation are nonpolar. 
When ILs solidify, they can form a crystal where the polar 
and nonpolar parts segregate into a bilayer structure.[88] For 
example, the structure of 1-alkyl-3-methylimidazolium halide 
ILs with more than 12 carbons on the alkyl chain can be 
described as sheets of imidazolium rings and anions, sepa-
rated by a domain of interdigitated alkyl chains.[256] When these 
crystalline ILs melt, some organization through intermolecular 
forces may remain even in the liquid phase.[257] The liquid 
structures of many ILs have been described at the molecular 
and mesoscopic level. At the molecular level, the cations and 
anions are proposed to exist mostly as free ions rather than 
ion pairs, as high as 90% according to some work[258] based 
on molecular dynamics simulations,[259] dielectric spectros-
copy measurements,[258] and NMR measurements.[260] Others, 
however, postulated that the IL molecules form clusters at the 
molecular level. For example, for most aprotic ILs, clusters with 
a composition of [C]a[A]b (C = cation, A = anion with a and  
b values between 2 and 5) have been detected by electrospray 
ionization mass spectrometry.[88] The existence of clusters has 
also been observed by X-ray reflectivity (XRR)[261] and NMR.[260] 
At the mesoscopic level, ILs are believed to hold a similar segre-
gation structure as their solid crystalline form, as supported by 
MD simulation and evidenced by small-angle X-ray scattering 
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Figure 6. Reported NMR characterization of the PEO/LiClO4/porous 
material (SBA-15) polymer-SCE. a) Variable temperature spin-spin relaxa-
tion time (T2) of lithium species; b) variable temperature motional corre-
lation time (τc) of lithium species; three types of lithium ion responses are 
detected, corresponding to lithium ions inside the pores (red), outside 
the pores but still near the surface of the matrix (green), and in the PEO 
bulk (blue). Reproduced with permission.[228] Copyright 2006, Elsevier.

Table 9. Physicochemical properties of some ILEs used for LIB electro-
lytes. [BMP][FSI]: 1-butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide; 
[EMI][FSI]: 1-ethyl-3-methylImidazolium bis(fluorosulfonyl)imide; Li[FSI]: 
lithium bis(fluorosulfonyl)imide.

ILE Thermal  
stability [°C]

σ [S cm−1] Electrochemical  
window

Ref.

Li[TFSI]/[BMP][TFSI] 378 (0.5 M) 1.7 × 10−3  

(0.5 M)

1–5 V vs Li+/Li  

(0.5 M) glassy carbon

[281,282]

Li[FSI]/[BMP][FSI] 300 (0.1 M) 3.2 × 10−3  

(0.1)

0.03–5.37 V vs Li+/Li  

(0 M) platinum

[283,284]

Li[FSI]/[EMI][FSI] 307 (0 M) 1.1 × 10−2  

(0.7 M)

0.2 V vs Li+/Li  

(0.32 kg mol−1) graphite

[285,286]

Li[TFSI]/[BMI][TFSI] 465 (0 M) 2 × 10−3  

(1 M)

−2.7 to 3.2 V vs Fc+/

Fc (0 M)

[287,288]

LiBF4/[EMI]BF4 350 (1 M) 8 × 10−3  

(1 M)

1.1–5.1 V vs Li+/Li  

(0 M) platinum

[289]
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(SAXS), XRD, NMR results.[88] The anions can solvate the 
charge-bearing cation head via Coulombic attraction to form 
interconnected ionic domains (also termed as polar network, or 
ionic channel),[88] and the alkyl chains on the cation are oriented 
outward forming nonpolar domains separating adjacent ionic 
domains, a bit similar to micelles.[262] It is proposed that the 
nonpolar domains formed by short alkyl chains (with less than 
4 carbon) are isolated small, globular “islands” within the polar 
network, while the nonpolar domains formed by long alkyl 
chain form an interconnected nanostructure (Figure 7b).[263]

ILs can dissolve lithium salts with the same anion or dif-
ferent anion as themselves up to several mol L−1.[264] The 
structure of the ILE is lesser studied as compared to ILs.[264] 
Theoretical calculation showed that for many ILEs, Li+ ions are 
solvated by two anions forming [Li(anion)2]

− when the molar 
ratio of the lithium salt to IL is low (≈0.2).[265] The solvation 
of Li+ was also experimentally observed by spectroscopic 
techniques such as NMR,[266,267] Fourier-transform infrared 
spectroscopy (FTIR),[268] and Raman.[269] For example, using 
Raman spectroscopy and density function theory calculations, 
Lassegues et al.[269] reported that lithium ions in Li[TFSI] spiked 
ionic liquids based on dialkylimidazolium cations and [TFSI] 

were solvated by 4 oxygens from two anions when lithium salt 
to IL ratio was 0.08–0.2. The authors also showed that the sol-
vation number of Li+ was less than two when the lithium salt 
to IL ratio is high (>0.2). In ILE, it was proposed that the Li+ 
ions are located in the ionic domain of the IL structure, with an 
effect of increasing the size of the ionic domain.[88]

The conductivity of ILs follows the empirical Walden 
rule.[16,266,270,271] According to this rule, the molar conductivity 
of ILs is inversely proportional to the viscosity of ILs. A so-
called “hole theory” has been developed to account for such 
molar conductivity–viscosity behavior.[272] This theory proposes 
that in ILs, ions are conducted through holes or voids bigger 
than themselves. The Walden rule is considered to also hold 
for the ILE. The conductivity of the ILE can be described as 
following[16]

6

2

∑σ
π η

=
q c

r

i

i

 (33)

where q is the charge of ions in Coulomb, ci is the charge carrier 
concentration, ri is the effective radius of the ion, and η is the 
viscosity of the ILE which relates to the intermolecular forces in 
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Figure 7. a) Molecular structures of some typical cations and anions in ionic liquids used for LIB electrolytes: 1-butyl-1-methyl-pyrrolidinium [BMP] 
(top right), 1-ethyl-3-methyl-imidazolium [BMI] (top left), bis(trifluoromethane)sulfonimide [TFSI] (low left), and bis(fluorosulfonyl) imide [FSI] (low 
right); gray, dark yellow, orange, blue, and green balls represent carbon, sulfur, oxygen, nitrogen, and fluorine atoms, respectively; for clarity, H atoms 
on the molecules are not shown; b) snapshots of simulated mesoscopic structure of 1-alkyl-3-methylimidazolium PF6 which shows the polar (red) and 
nonpolar domains (green), with carbon number of alkyl chain, n, of 2 (left), 4 (middle), and 8 (right). Adapted with permission.[263] Copyright 2006, 
American Chemical Society.
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the ILE. The temperature dependence of the ILE conductivity 
follows the Vogel–Tammann–Fulcher (VTF) behavior.[273,274]

4.2. Preparation of ILE-SCEs

A solid composite electrolyte based on ionic liquid electrolytes 
(ILE-SCE) is made up of an ionic liquid, a lithium salt, an inor-
ganic matrix, typically an oxide, and optionally some additives 
such as polymers. The synthesis of ILE-SCEs can be categorized 
into three classes. In the first approach, called “direct mixing” in 
the following text, an ILE and matrix particles are mechanically 
mixed by, e.g., ball milling.[275–277] The second method involves 
covalently tethering an IL to the surface of the particles to form 
IL-tethered particles, to which a lithium salt is added.[278] This 
tethering is typically carried out using reactions between ILs 
and functional groups on the particle surface, such as conden-
sation between NH2 or OH and carboxylic acid, silanization 
between trimethoxysilyl- and -OH, and complexation between 
thiol group and transitional metals, all of which have been 
extensively applied to surface modification of materials. Figure 8 
shows a classic multistep tethering process developed by Archer 
and co-workers, where an IL is tethered to silica.[279] In the first 
step, an ionic liquid with a chloride anion and a cation con-
taining a trimethoxysilyl group is synthesized by alkylation of 
the cation, a typical approach used to synthesize ILs.[280] Then, 
this ionic liquid containing the trimethoxysilyl group is tethered 
to OH terminated silica, forming IL-particle composites.

Note: numbers with M in the round brackets denote the con-
centration of the lithium salt in the ILE in morality or molar 
ratio. M stands for mol L−1, e.g., 0.5 M in the first row means 
0.5 mol L−1. Pure numbers in the round brackets are the molar 
ratio between the lithium salt and ionic liquid in ILE, e.g., “0.1” 
in the second row means the ratio between the numbers of 
lithium salt and ionic liquid is 1:10. Fc+/Fc stands for ferrocene 
redox couple. The working electrodes used to determine the 
electrochemical window are listed in the column.

Afterward, the chloride ion in the IL-particles is replaced by 
a desired anion X− by metathesis reaction between the ionic 
liquid and a LiX (Li-TFSI for the example in Figure 8). Finally, 
the IL-particles with the X anion are then mixed with LiX in a 
solvent, e.g., acetone, to increase the Li-salt concentration after 
evaporation by which, the final ILE-SCE is synthesized. As such, 
ILE-SCEs with an imidazolium[290] or piperidinium[291] cation 
tethered to SiO2 or ZrO2 have been reported.[278] These ILE-
SCEs showed enhanced Li+ transference number as compared 
to the ILE reference.[278,292,293] So far, only ILE-SCEs with cation 
tethered to particles have been reported, although methods for 
bonding anions to solid surfaces are also known.[294,295]

The final preparation method for ILE-SCE which will be 
described here is one which is started from a homogenous 
liquid mixture, i.e., without the addition of solid particle 
fraction as in the methods above. In this case, an ionic liquid 
electrolyte is added to a sol–gel solution for the synthesis of 
the oxide matrix. In this method, the ILE and matrix form a 
composite in an “in situ” manner: the precursors in the solu-
tion react to form a continuous matrix encapsulating the ILE 
in the process. Hence, the IL may act as a template. Indeed, 
under certain synthesis conditions, the prepared ILE-SCE can 
be in the form of a monolith with the ILE embedded in a con-
tinuous nanoporous inorganic oxide network. So far, mostly 
silica based ILE-SCEs have been prepared in this way. Most 
reported sol–gel formulations contain an ILE, an alkyl-silicate 
such as TEOS as silica precursor, and formic acid as reactant 
and solvent.[296,297] According to a proposed mechanism[298] for 
this sol–gel process, silica is mainly produced by the reaction 
between TEOS and the formic acid, although water is generated 
during the sol–gel process, which could also react with TEOS 
to form silica. Besides these formic acid based “nonaqueous” 
mixtures, aqueous sol–gel formulations with HCl as catalyst 
and H2O as reactant have also been described, however, for the 
synthesis of a composite with only the IL and silica.[299,300] Such 
solutions typically contains an IL, an alkylsilicate, H2O, HCl, 
and optionally an alcohol as a solvent.[301,302] In these solutions, 
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Figure 8. Schematic of tethering an IL to silica particles to synthesize an ILE-SCE. Reprinted with permission.[279] Copyright 2012, Royal Society of 
Chemistry.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800899 (18 of 31)

www.advmatinterfaces.de

the IL was proposed to form micelles[300] which can then act as 
a template (see Section 2.3). It was postulated that the anion 
formed hydrogen bonds with the silica surface and interacted 
with the cation on its other side pointing toward the solution. 
The cations were stacked together by π–π interactions between 
the imidazolium rings. As such, an elongated “micelle-like” 
structure formed guiding the growth of the silica matrix nano-
porous structure (Figure 9).[300]

Table 10 summarizes the reported ILE-SCEs with particles by 
direct mixing, chemically tethered particles and sol–gel mon-
oliths. The ILE-SCEs have conductivities up to 10 mS cm−1, 
orders of magnitude higher than that of solid composites with 
only particles and a lithium salt, demonstrating the effect of the 
“solvent-like surface” on the conductivity. Among the ILE-SCEs 
prepared from the three methods, the sol–gel derived ones 
show the highest conductivities, proving the advantage of using 
a porous matrix for the conductivity as it was also the case for 
polymer composite (see Section 3.2). However, the conductivity 
of the ILE-SCEs is typically lower than that of the ILE reference, 
although some ILE-SCEs with conductivity exceeding that of 
ILE reference have been reported very recently.[51,86,87,303]

4.3. Interface of ILE-SCEs

At the interface of the ILE-SCEs, ILE molecules generally 
exist as a layered phase different from the bulk due to inter-
face interactions between the ILE and the particle surface.[88,316] 

The interactions can include Coulombic 
interactions, ion-dipole interactions, van der 
Waals interactions, hydrogen bonding, cova-
lent bonding (as in the case of tethered ILE-
SCEs), and so-called steric interaction due to 
the increased entropy generated during the 
rearrangement of the molecules.[317] In gen-
eral, IL molecules are layered in the direction 
perpendicular to the interface, but still dis-
tributed randomly in domains along the 
interface.[88] As a consequence of the change 
in the molecular arrangement, ionic liquids 
at the interface can have different physico-
chemical properties as compared to their bulk 
phases. For example, [EMI][TFSI] confined 
in 1 nm pores, which is about the size of 
the IL molecule, showed increased electrical 
double layer capacity.[318,319] This confined 
[EMI][TFSI] was proposed to be in a superi-
onic state.[320] As for the SCE with solid–solid 
interface, the interface of the ILE-SCE has 
been typically investigated using a planar 
model, i.e., an ILE thin-film deposited on a 
planar matrix substrate. So far, most litera-
ture focuses on ionic liquid films on planar 
substrates, but models of ILE film/planar 
substrate have rarely been investigated. How-
ever, research on ionic liquid film/planar 
substrate models can still shed light on the 
understanding of the ILE-SCE interface. An 
ionic liquid film/substrate model is typically 

prepared by drop-casting a solution containing an ionic liquid 
and a volatile solvent such as methanol on a substrate.[321] How-
ever, it is noted that deposition of a continuous thin-film IL 
could be difficult due to strong cohesion in the liquid which 
easily can result in dewetting of the surface. In the following, 
physicochemical properties of the IL at the interface of IL film/
substrate model, and the used characterization techniques are 
summarized and discussed.

Direct observation of the layered structure at the ionic liquid/
solid interface can be realized by atomic force microscopy 
(AFM).[322] For example, Yokota et al.[322] detected a single layer 
of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([BMI][TFSI]), with a thickness of 0.81 nm, on highly 
oriented pyrolytic graphite, which agreed well with the thick-
ness of a IL monolayer calculated using density data. Also with 
AFM, Liu et al.[321] observed the coexistence of a liquid and 
solid phase in a 1-butyl-3-methylimidazolium hexafluoro-phos-
phate ([BMI][PF6]) film on mica. Basically, they observed that 
the adsorbed ionic liquid molecules seemed to follow the mica 
crystal structure similar to epitaxial growth. Indeed, Figure 10 
shows that the arrangement of this “solid-like” ionic liquid layer 
matches well with the mica lattice.

The ordering of the interface layer can be characterized 
with XRR.[323] For example, Mezger et al.[324] observed a ≈5–6 
layer thick interface layer between 1-butyl-1-methylpyrroli-
dinium tris(pentafluoroethyl) trifluorophosphate ionic liquid 
film and a sapphire substrate. By fitting the electron density 
data, the authors claimed that the first layer directly on top of 
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Figure 9. A proposed micelle formation mechanism for [BMI]BF4 ionic liquid in a sol–gel solu-
tion for mesoporous silica. Reprinted with permission.[300] Copyright 2004, American Chemical 
Society.
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Table 10. Reported ILE-SCEs for lithium ion batteries. [DEME][TFSI]: N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)
imide; [HMI][TFSI] 1-hexyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide; [MMI][TFSI]: 1-methyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide; [MPPp][TFSI]: 1-methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide; [PMI][TFSI]: 1-propyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl)imide; [PYR1201][TFSI]: N-methoxyethyl-N-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide; PVdF-HFP: 
poly(vinylidene fluoride-hexafluoropropylene).

Ionic liquid electrolytea) Particle propertiesb) Preparationc) σ of the ILE-SCEd)  
[S cm−1]

σ of the ILE ref.  
[S cm−1]

Cell studiese) Ref.

[EMI][TFSI] SiO2, 12 nm, OH Direct mixing <10−2 (5 wt%) 10–2 – [276]

1 M Li[FSI]/[EMI][TFSI] SiO2, 54.8 m2 g−1 Direct mixing 2 × 10−3 (50 vol%) 9 × 10−3 – [304]

1 M Li[FSI]/[EMI][TFSI] Al2O3, 13 m2 g−1 Direct mixing 5 × 10−3 (50 vol%) 9 × 10−3 – [304]

1 M Li[FSI]/[EMI][TFSI] TiO2 anatase, 49.2 m2 g−1 Direct mixing 1 × 10−3 (40 vol%) 9 × 10−3 – [304]

1 M Li[FSI]/[EMI][TFSI] TiO2 rutile, 49.1 m2 g−1 Direct mixing 1 × 10−3 (40 vol%) 9 × 10−3 – [304]

1 M Li[FSI]/[EMI][TFSI] 3YSZ, 17.0 m2 g−1 Direct mixing 7 × 10−3 (50 vol%) 9 × 10−3 – [304]

0.3 mol kg−1 Li[TFSI]/[EMI][FSI] 0.75Li2S–0.25P2S5, µm sized Direct mixing 1 × 10−3 (90 mol%) – – [305]

1 M Li[TFSI]/[EMI][TFSI] SiO2, 10 nm Direct mixing – – Li/SCE/LCO 120 mAh g−1@ 

0.1 C, 65 °C

[306]

1 M Li[TFSI]/[DEME][TFSI] SiO2, 7 nm Direct mixing 7 × 10−4 (25 vol%) 1 × 10−3 Li/SCE/LCO 130 mAh g−1@ 

0.1 C rate, 35 °C

[307]

Li[TFSI]/[MPPp][TFSI] SiO2, 7 nm Direct mixing 5 × 10−4 (25 vol%) 1 × 10−3 – [307]

50 mol% Li[TFSI]/tetraglyme SiO2, 7 nm Direct mixing – – Li/SCE/PAN-S, 

400 mAh g−1@ 0.1 C, 35 °C

[308]

1 M Li[TFSI]/[MMI][TFSI] Porous SiO2, pore size 10 nm, with various  

surface groups; and 80 nm nonporous SiO2  

with various surface groups

Direct mixing – – – [309]

1 M Li[TFSI]/[EMI][TFSI] – – – [309]

1 M Li[TFSI]/[PMI][TFSI] – – – [309]

1 M Li[TFSI]/[BMI][TFSI] – – – [309]

1 M Li[TFSI]/[HMI][TFSI] – – – [309]

1 M Li[TFSI]/[BMP][TFSI] – – – [309]

0.6 mol kg−1 Li[TFSI]/[PYR1201]

[TFSI]

SBA-15, pore size 7–9 nm,  

550–600 m2/g

Direct mixing 3 × 10−4 (22 wt%),  

with 2 wt% of  

PVdF-HFP

1 × 10−3 Li/SCE/LFP

150 mAh g−1@ 0.1 C

25 °C

[310]

1 M Li[TFSI]/[EMI][TFSI] Silica, pore size 15 nm Direct mixing 1 × 10−3 (50 wt%) 8 × 10−3 – [311]

2 wt% Li[TFSI]/[EMI][TFSI] TiO2, 70 nm Direct mixing 1 × 10−3 (45 wt%) 2 × 10−3 Li/SCE/LFP

150 mAh g−1@ 0.1 C

RT

[312]

1 M Li[TFSI]/1-undecyltrime-

thoxysilane-3-butyl  

imidazolium [TSFI]

ZrO2, 86 ± 2 nm Tethering 10−5 (10 wt%) 10−3 – [278]

Li[TFSI]/ 1-methyl-3-

propylimidazolium[TFSI]

SiO2, 7 nm Tethering 10−4 (86.6 wt% LiTFSI) >10−3 – [279]

Li[TFSI]/1-methyl- 3-(propyl) 

trimethoxysilane) piperidinium 

[TFSI]

SiO2, 10 nm Tethering 6 × 10−3 (11 wt%),  

with 1 M Li[TFSI]/PC

10−2 Li/SCE/LTO

170 mAh g−1@ 3 C

[291]

Li[TFSI]/1-butyl- 3-((propyl) 

trimethoxysilane) piperidinium 

[TFSI]

SiO2, 52 nm Tethering 1 × 10−6 (0.16 mmol  

IL g−1 SiO2)

– – [293]

0.6 mol kg−1

Li[TFSI]/[PYR1201][TFSI]

Porous SiO2 Sol–gel

Formic acid

6 × 10−4 (30 wt%) – Li/SCE/LFP 150 mAh g−1@ 

0.2 C, 25 °C

[313]

(0.5) Li[TFSI]/(0.2)[BMI][BF4] Porous SiO2 Sol–gel

Formic acid

5 × 10−3 – – [314]

1 M Li[TFSI]/[BMP][TFSI] Porous SiO2

7 nm pore, 1078 m2 g−1

Sol–gel

Formic acid

3 × 10−4

10 wt%

1 × 10−3 Li/SCE/LFP 150 mAh g−1@ 

0.1 C 25 °C

[297]
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the sapphire consists of cations upon which an anion layer is 
stacked, and as such some 5–6 cation/anion layers alternatively 
stacked at the interface (Figure 11).

The orientation of the ionic liquid molecules and the inter-
acting functional groups at the interface can be revealed using 
sum frequency generation spectroscopy (SFG) which can detect 
the strong nonlinear optical signal (sum frequency) of the 
vibration of the groups at the very interface, where noninverse 
symmetry exists.[325] For example, Baldelli[326,327] extracted a thick-
ness of 0.33 nm for the interface layer at the 1-butyl-3-methyl- 
imidazolium tetrafluoroborate ([BMI][BF4]) film/Pt stack, in 
accordance with the thickness calculated using impedance 
spectra. The authors managed to quantify the change in the ori-
entation of the cation on the substrate from 60 ° to 35 ° when 
they applied different potentials on the underlying substrate. 
With SFG, they observed the interaction between SiOH 
groups on SiO2 surface and the imidazolium of the IL from the 
change in vibration of the -CH on the ring (3150–3180 cm−1).

The fluid dynamics of the interface can be revealed by surface 
force apparatus (SFA).[328] In the measurement using SFA, the 
ionic liquid is confined between two atomically flat substrates, 
and the thickness of the ionic liquid layers is determined by 
means of multiple beam interferometry with fast spectral cor-
rection. The force perpendicularly applied to the opposing sub-
strates is recorded as a function of the thickness of the IL, and 
a measure of the rigidity of the IL layer. The viscosity of the 
ionic liquid can be determined from the shearing of the ionic 
liquid induced between the two parallel substrate plates of the 
apparatus. With SFA, Bou-Malham and Bureau[329] postulated 

that two imidazolium-based ionic liquids, [BMI][BF4] and [BMI]
[PF6], exhibited molecular layering when they were confined 
between charge-bearing mica surfaces. Such layering dramati-
cally affected the fluid dynamics of the ILs. As the confinement 
increased from 20 to 5 nm, the viscosity of the ILs increased 
over several orders of magnitude until the ILs were eventually 
immobilized and exhibited a solid-like response. In strong con-
trast, the same ILs confined between noncharged methyl-termi-
nated surfaces displayed no such layering and displayed fluidic 
properties with similar viscosity as the bulk IL when confined 
even down to two monolayers thick (<2 nm).

In summary, techniques such as AFM, XRR, SFG, and SFA 
have been used to characterize the interface of IL/substrate 
model stacks. Ionic liquid molecules show a clear tendency 
to order at the interface with a solid surface. The molecular 
ordering can extend up to several monolayers thick. The sur-
face interaction can strongly affect the fluidity of the IL even 
to the solid phase. The characterization and interpretation of 
the IL/solid interfaces of particle-based ILE-SCEs are far from 
straight forward, as these many nonplanar interfaces are 
spatially oriented in all directions. However, some techniques 
can still provide indirect information about the interface inter-
actions and structure as discussed below.

An indication for the existence of an interface structure can 
be found from a change in the phase transition behavior of the 
IL which is typically characterized using DSC. ILs can experi-
ence phase transitions such as glass transition, crystallization, 
and melting as the temperature is changed.[330] For example, 
melting and crystallization of ILs confined in a porous matrix 
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Ionic liquid electrolytea) Particle propertiesb) Preparationc) σ of the ILE-SCEd)  
[S cm−1]

σ of the ILE ref.  
[S cm−1]

Cell studiese) Ref.

(0.5) Li[TFSI]/(0.2)[BMP][TFSI] Porous SiO2

7 nm pore, 1078 m2 g−1

Sol–gel

Formic acid

1.5 × 10−3 (15 wt% 

PVDF-co-HEA)

3 × 10−3 Li/SCE/LFP

140 mAh g−1@

0.05 C,25 °C

[296]

(0.25) Li[TFSI]/(1)[BMI][TFSI] Porous SiO2

12 nm pore, 860 m2 g−1

Sol–gel

Formic acid

4 × 10−3

1:2 mol ratio of ILE 

to SiO2

5 × 10−3 MCMB/SCE/LFP

150 mAh g−1@ 0.1 C

30 °C

MCMB/SCE/LCO

140 mAh g−1@ 0.1 C

[315]

(0.25)Li[TFSI]/(1)[BMI][TFSI] Porous SiO2

12 nm pore, 860 m2 g−1

Sol–gel

Formic acid

4 × 10−3, (IL to silica 

molar ratio 0.5)

5 × 10−3 MCMB/SCE/LFP

150 mAh g−1@ 0.1 C, 30 °C

MCMB/SCE/LCO

140 mAh g−1@ 0.1 C, 30 °C

MCMB/SCE/

LiNi1/3Co1/3Mn1/3O2

140 mAh g−1@ 0.1 C, 30 °C

[315]

(0.6 M) Li[TFSI]/[Py13][T-FSI] Silica, surface group glycidyloxypropyl Sol–gel

Formic acid

1.9 × 10−3 (IL to silica 

molar ratio 0.75)

<1.9 × 10−3 Li/SCE/LFP

155 mAh g−1@ 0.1 C, 30 °C

Li/SCE/LTO

150 mAh g−1@ 0.1 C, 30 °C

[303]

(0.34) Li[TFSI]/[BMP][T-FSI] Porous silica Sol–gel

Li+
1 × 10−3 (IL to silica 

molar ratio10.5)

6 × 10−4 – [51]

a)Numbers with M in the round brackets label the concentration of lithium salt in the ILE in morality or molar ratio. M stands for mol L−1. Pure numbers in the brackets are 
the molar ratio between the lithium salt and the ionic liquid; b)The listed properties of the particles include the particles size, the pore size, the surface area, and the surface 
groups; c)In the sol–gel method, the solvent and the catalyst are mentioned; d) In the conductivity column, the ratio of the particles in the ILE-SCE is listed ether in weight 
percent (wt%) or in volume percent (vol%), unless otherwise noted; e) The capacity, rate, and the temperature of the charge–discharge test are listed.

Table 10. Continued.
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can disappear, as Néouze et al. observed for [BMI][TFSI] con-
fined in silica with 12 and 5 nm pores.[90,331] The explanation 
for this phenomenon has not been given yet but the ionic com-
pound seems to be in a state between liquid and solid, i.e., in 
a mesophase state. The change of the phase behaviors of ILs 
is similar to that of confined H2O.[332] For example, a 0.35 nm 
water layer in porous MCM-41[333] (pore size ≈5 nm) was found 
to be nonfreezing, i.e., similar as for the confined IL above. The 
authors suggested that the size of the pores might be too small 
for the nucleation of the solid phase. However, it may be also 
related to fact that water strongly adsorbs on Si-OH terminated 
silica forming solid or so-called ice layers. Indeed, based on 
FTIR results, it is observed that H2O layers adsorbed on silica 
film terminated with silanol groups are in different states.[334] 
As those in solid state, H2O molecules in the first layers at 
the H2O/silica interface are on average bonded by 4 hydrogen 
bonds; while H2O molecules in the layers above these solid 
layers are bonded by about 2.5 hydrogen bonds, as water in its 
liquid state. In addition, the structure of the adsorbed interface 
layer is thought to be different from both its liquid and solid 
H2O counterpart in bulk form. For example, it was found that 
the H2O confined in a hydrophilic glass with 5 nm pores was 
in the cubic phase rather than the hexagonal bulk phase at low 
temperature.[335]

The change of the melting point of the confined liquid can 
be predicted by Equation (34) as[90]

2

d

m m

m

p/s p/l m

f

γ γ

λ

( )−
= −
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where T′m is the melting point of the confined liquid; Tm is the 
melting point of the bulk liquid; γp/s is the pore/solid interface 
energy; γp/l is the pore/liquid interface energy; Vm is the molar 
volume of the liquid; d is the size of the pore; and λf is the 
latent heat of melting. According to Equation (34), the change 
in the melting point is expected to be larger for smaller pore 
sizes, which was indeed experimentally observed.[331] Moreover, 
it was suggested that an increase in the melting temperature 
indicates an attractive interface interaction, while depression 
of the melting point means a repulsive interface interaction. 
Besides the melting point, the glass transition temperature, 
Tg, of the ionic liquid, which relates to its viscosity, has been 
reported to increase when the ionic liquid was confined.[89,336]

The decomposition temperature, which indicates the thermal 
stability of the ionic liquid, can also be affected by the interface 
interaction. For example, it was observed that the decomposi-
tion temperature of the [BMI][PF6] decreased by 80 °C when the 
IL was confined in a nonthermal conducting porous silica with 
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Figure 10. Reported solid-like structures of [BMI][PF6] on a mica surface. a) AFM images of the IL multilayer showing Zigzag edges; b) statistics of 
the angles between zigzag edges and a randomly selected edge in AFM images; c,d) the edges of the solid-like IL structures which match well with the 
mica lattice; the bars are 500 nm in (a) and (c) and 2 nm in (d). Reprinted with permission.[321] Copyright 2006, American Chemical Society.
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pore size less than 10 nm.[337] The reason for this decrease is yet 
unclear. However, it has been found that also the mechanism 
of thermal decomposition of the ILs can change. For example, 
Singh et al.[338,339] reported that ILs with a 1-butyl-3-methyl-
imidazoulium cation confined in a silica matrix decomposed in 
more than one step, while the bulk IL counterparts decompose 
in only one step. For the confined IL, it was proposed that the 
aliphatic tail was removed from the adsorbed cation at lower 
temperature than the removal of the aromatic ring from the 
silica wall.

The functional groups engaging in the interaction and the 
strength of their interaction in the ILE-SCE can be determined 
using FTIR and Raman spectroscopy. The interaction can 
change the force constant of the vibration of the bonds in the 
functional groups, thus shifting the corresponding vibration 
peaks in the spectra to different wavenumbers. For example, 
the C-H vibration peaks of the on imidazolium cation shift 
when the IL is confined in silica.[340,341] For the anion, a shift 
of the vibration of the functional group is often observed 
due to hydrogen bonding with the SiOH on the silica pore 

surface.[336] This indicates that both the cation and anion of the 
imidazolium ionic liquid can interact with the silica surface, 
and exist in the very first monolayers at the interface. These 
techniques are also very useful for monitoring the solvation of 
Li+ in the ionic liquid, which could introduce new peaks or shift 
peak positions in the corresponding spectra.[342]

The effect of the interface on the ionic mobility in the ILE-
SCEs can be evaluated with electrical impedance spectroscopy 
and NMR. As a general trend, the ion conductivity of the ILE-
SCE composite is lower than that of the ILE bulk reference 
(Table 10). ILE-SCEs synthesized by direct-mixing have a 
moderate conductivity drop. For example, Uemo et al.[304] sys-
tematically studied conductivities of particle ILE-SCEs with 
on average 1 to 20 nm ILE coatings thick layer around SiO2, 
Al2O3, TiO2, and Y2O3 stabilized ZrO2 nanoparticles (ILE = 1 M  
Li[TFSI] in [EMI][TFSI]). The conductivities of these ILE-SCEs 
were typically one order of magnitude lower than that of the 
ILE reference. The diffusion coefficients of the ions deter-
mined from NMR were 20–70% of those of the ILE reference. 
The Li+ transference numbers of the ILE-SCEs were similar to 
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Figure 11. Reported XRR characterization of the 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)–trifluorophosphate ionic liquid layer on Al2O3;  
a) normalized reflectivities (symbols) together with best fits at different temperatures; b) the layering arrangements of the ionic liquid on Al2O3 for-
mulated from the data; c) cation (red), anion (blue), and total (black) electron densities obtained from the fit; red and blue lines indicate cation and 
anion’ Gaussian distributions contributing to the respective partial electron density profiles; and gray bar represents electron density of the sapphire 
substrate without roughness. Reprinted with permission.[324] Copyright 2008, American Association for the Advancement of Science.
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that of the ILE references, while the [EMI] cation transference 
number of the ILE-SCEs increased due to the enhanced disso-
ciation of the ion pairs. Krawczyk,[309] in his thesis, investigated 
the conductivity of ILE-SCEs with Li[TFSI]/[BMP][TFSI] as the 
ILE and various functionalized SiO2 particles as the matrix. 
The surfaces of 80 nm solid SiO2 nanoparticle and also 50 µm 
mesoporous SiO2 particles with 10 nm pores were functional-
ized with CH3, C3H6NH2, or C3H6SO3Li groups. All 
the SCEs showed lowered conductivities compared to the ionic 
liquid electrolyte reference. In this work, no conclusion on the 
effect of the surface group on the conductivity could be drawn 
due to the complexity of the interaction in the ILE-SCE sys-
tems, as the author explained.

The tethered ILE-SCEs show a conductivity drop typically 
larger than one order of magnitude, the largest drop for the 
three types of ILE-SCEs summarized in this work (Table 10). 
However, since the cation of the ionic liquid is covalently 
bonded to the particles, the Li+ transference numbers of the 
SCEs are about 0.3–0.5, significantly higher than those of the 
ILEs (≈0.1).[278,279,291,292,312,343]

The ILE-SCEs synthesized by sol–gel methods have conduc-
tivities comparable to those of the ILEs but typically still some-
what lower. NMR results indicate that Li+ ions in these sol–gel 
derived SCEs still have “liquid-like” mobility, as the Li+ spectra 
of the ILE-SCEs and ILE reference gave 7Li peaks with similar 
width[297] (Figure 12). Also, the activation energy of the Li+ 
mobility of the ILE-SCEs is comparable to that of the ILE refer-
ence. Interestingly, the activation energy for Li+ diffusion in the 
ILE-SCE made by direct-mixing is also typically comparable to 
that of the ILE reference. This indicates that the high conduc-
tivity of the sol–gel derived ILE-SCE benefits very likely from 
the continuous conduction paths along the interconnected 
pores and silica in the porous matrix.

One of the key factors that influences the Li+ ion conductivity 
in the ILE-SCE is the interface interaction. The interaction can  

change the solvation state of Li+ and the association of the 
ionic liquid itself, thus changing the concentrations of the free 
charge carriers. Also, the activation energy of ion diffusion can 
change as a result of the molecular ordering at the interface. 
The interaction in the ILE-SCEs, however, can be even more 
complex as compared to that of the polymer-SCE (see Conclu-
sion in Section 3.1). Unlike the polymer where the interactions 
are mainly attributed to van der Waals forces, the ionic liquid 
itself bears charges that can generate Coulombic and ion–
dipole interactions with the matrix surface. Since most of the 
ILE-SCEs are particle based, the interpretation of the interface 
conduction is further complicated by the distribution of the 
particles and the associated ion percolation paths. Therefore, 
the conductivity models for the solid–solid particle SCE are 
not actually applicable for the ILE-SCE. Nevertheless, two rea-
sonable models for the conductivity of the ILE-SCE have been 
considered. They are discussed in the following.

4.4. Conductivity Models for ILE-SCEs

So far, to the best of our knowledge, only a few papers[279,293,343] 
have mentioned conductivity models for the ILE-SCE, yet 
the models have not been applied to analyze data. One of the 
models is the one proposed by Maier et al.[344] to describe the 
so-called “soggy-sand electrolyte” which applies to composites 
with a solid phase, such as SiO2 particles and a salt dissolved in 
solvent, such as tetrahydrofuran (THF), i.e., a nonionic liquid 
electrolyte. In these electrolytes, the cation and anion are dis-
sociated in the solvent to some extent (i.e., some ions may still 
exist as ion pairs, depending on the concentration of the salt). 
One type of ion is adsorbed on the surface of the particles, e.g., 
the anion is expected to be adsorbed on SiO2, and the counter 
ion accumulates next to the surface to form an electrical double 
layer. As such, the dissociation of the salt is promoted. The 
overall conductivity of the electrolyte is the sum of that of the 
interface and the bulk solution according to Equation (35) as[344]

1b v b in v ,in inσ β σ β σ( )= − +x x  (35)

where σ is the overall conductivity; σb and σin are the conduc-
tivities of the bulk electrolyte and interface, respectively; βb 
and βin, respectively, refer to the proportion of the bulk and 
the interface contribution; xv and xv,in are the volume fractions 
of the second phase and the effective fraction of the interface, 
respectively. The σin is expressed as

2
1

in bσ σ=
Θ

− Θ
 (36)

where Θ is a measure of the strength of the ion adsorption on 
the oxide. With this expression, the conductivity of the electro-
lyte can be described by measurable parameters as

1 v in v ,inσ β σ β( )= − + Σ∞ ∞x x uB  (37)

with u the mobility of the ion, B the surface to volume ratio 
of second phase particles, which is related to the BET surface 
area of the particles, and ∑ the charge density on the second 

Adv. Mater. Interfaces 2018, 1800899

Figure 12. 7Li-magic angle spinning (MAS) NMR spectra of a sol–gel 
derived ILE-SCE consisting of Li[BMP][TFSI]_ILE and silica (red), of the 
ILE reference (blue), and of Li[TFSI] reference (black); Li+ in the SCE 
shows liquid-like dynamic. Reprinted with permission.[297] Copyright 2011,  
John Wiley & Sons.
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phase particles, which can be extracted using the ion exchange 
capacity of the particles. The transference number, t′+, of cation 
in the electrolyte is then defined as[344]
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− +
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with t+ the transference number of the cation in the bulk 
electrolyte.

This model has been applied to explain the conductivity 
enhancement and transference number of a LiClO4/THF/SiO2 
electrolyte.[345]

Applying this model to the ILE-SCE faces some issues. The 
model simplifies the conductivity by omitting the decrease of 
the counter ion conductivity at the interface, and the influence 
of this is not well estimated yet. As the ILE-SCEs are solely 
comprised of ions, the error caused by this simplification can 
be more problematic as compared to the soggy-sand electrolyte. 
Moreover, the contribution factor of the surface conduction, β, 
is arbitrary. Maier and co-workers found an empirically fitted 
value of 0.67 for β.[344]

The other proposed model for describing the overall conduc-
tivity of the ILE-SCE is the Maxwell model, which is similar to 
the effective medium model[346] for the solid–solid SCE. The 
model was used to describe the conductivity of a dispersion or 
composite where gas bubbles, or spherical solid particles are 
distributed in a conductive liquid phase (Figure 13),[347,348] sim-
ilar to the ILE-SCE where the ILE is mixed with a solid matrix. 
This model was based on early work by Maxwell[349] to describe 
the electrical conductivity of a two-phase medium. Lemlich[350] 
modified the model to describe the electrolytes where the liquid 
fraction, 1 − xv, is either very large or very small (1 − xv → 1, or 0).  
Feitosa et al.[351] proposed an improved empirical equation to 
extend the application of the model to the whole liquid fraction 
range as
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with σ the conductivity of the composite normalized to that of 
the liquid reference. This extension enables the model to fit the 
conductivity of a dispersion with a second phase of different 
sizes and shapes. Basically, the model formulates the effect of 
volume occupation of the second phase in the dispersion on the 
conductivity of the dispersion, i.e., the volume reduction effect, 
with an assumption that no interface conduction is present at the 
interface. This model can fit a series of widely cited conductivity 
data sets.[351] As can been seen in this figure, the normalized  
conductivity of the dispersion is less than 1, which means the 
dispersion conductivity is lower than the corresponding liquid 
conductivity, demonstrating the volume reduction effect.

Comparing the measured normalized conductivity of ILE-
SCE to the Maxwell model projected conductivity can tell 
whether interface conduction is present in the composite. 
Higher than Maxwell model predicted conductivities indicate 
the existence of interface conduction in the ILE-SCE, as con-
ductivity enhancement at interface can counteract the conduc-
tivity drop caused by the volume reduction effect, resulting in 
higher than model projected conductivities of the dispersion.

5. Conclusions and Outlook

The development of solid composite electrolytes or SCEs con-
sisting of an ionic conductor and a dielectric matrix offers an 
elegant strategy to enhance the ionic conductivity of electrolytes 
by engineering the interface conduction. At the conductor/
matrix interface, the ionic conductivity can be enhanced by 
the enriched charge carrier concentration and/or the changed 
molecular structure of the conductor. For nanomaterial com-
posites where the matrix surface to volume ratio is larger, 
the enhanced interface conductivity could lead to higher ion 
conductivity for the composite than for the isolated ionic con-
ductor by itself. For lithium ion conductive SCEs, the conductor 
can be an inorganic electrolyte, polymer electrolyte or ILE. With 
these types of electrolytes, particle inorganic-based SCEs (inor-
ganic-SCE) with solid–solid interfaces, and polymer-based SCEs 
(polymer-SCE) as well as ILE-based SCEs (ILE-SCE) having 
solvent-like interfaces have been developed.

For inorganic-SCEs, the interface conduction mechanism 
has been investigated using layered conductor/matrix thin-film 
SCE models. In this way it was indeed shown that higher ion 
conductivity is obtained at oxide/Li-compound interfaces as 
compared to the bulk conductor. However, the interpretation 
of these observations was limited by the practical deposition 
of continuous films with sufficient thinness. Further inves-
tigation of the interface effect on the conductivity relies on 
advanced techniques for the fabrication of atomically flat layers 
such as ALD and MBE. Compared to the thin-film models, the 
inorganic-SCEs composed of particles have more complex ion 
conduction paths, as their interfaces are randomly distributed. 
However, despite the complexity, several conductivity models 
have been proposed for the description of the conductivity in 
particle-based SCEs. The main factors influencing the con-
ductivity of the composite next to the bulk conductivity of the 
ionic conductor and the interface interactions giving rise to the 
interface enhancement are a high-volume fraction of interface 
(i.e., high surface to volume ratio) and low volume fraction of 
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Figure 13. Schematic of a dispersion consisting of a second phase dis-
tributed in a liquid phase, used to explain the conductivity reduction in 
the Maxwell model.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800899 (25 of 31)

www.advmatinterfaces.de

the matrix with a proper distribution of the conductor to matrix 
phases in order to optimize the ionic transport path in the 
SCEs.

Unlike the inorganic SCE with solid–solid interface, the 
polymer-SCE, and the ILE-SCE have “solvent-like” interfaces 
where the lithium ions are solvated as in a liquid. The “sol-
vent-like” interface increases the conductivity of the composite 
by orders of magnitude compared to the inorganic SCE. In 
these two types of SCEs, the interface interaction is also vital 
for the ion conduction. For the polymer-SCE, it is proposed 
that besides the change of the structure of the polymer at the 
interface, which can improve the conductivity, Lewis acid–base 
interactions are present between the surface of the matrix par-
ticles, the polymer, and the lithium salt. The interaction can 
affect the solvation of Li+ in the polymer, resulting in higher 
lithium concentration for conduction; and/or make Li+ ions 
hopping between the polymer and the surface sites on the 
matrix particles, creating fast conduction paths. As a result, the 
conductivity and Li+ transference number of the polymer-SCE 
can be tuned by engineering the surface properties, i.e., the 
acidity/basicity of the matrix particles.

To form solvent like interfaces for ILE-SCEs, different prep-
aration methods have been developed, i.e., direct-mixing in 
which the ILE are mechanically mixed with particles; tethering 
where the cations of IL are chemically bonded to the particles, 
and sol–gel methods in which the ILE is added to the precursor 
solution for oxide particles. At the interface of the ILE-SCE, the 
ionic liquid molecule can rearrange to form layered structures, 
and this ordering has been revealed by techniques such as 
XRR, SFG, AFM, DSC, and FTIR. Effects of the surface polarity 
of particles and the chemistries of ionic liquid molecules on the 
conductivity of the ILE-SCE are not clear yet. Also, models need 
to be developed to describe the conductivity of the ILE-SCE.

With an effect of increasing the volumetric proportion of the 
interface in the SCE, using a nanoporous matrix for SCE can 
effectively enhance the conductivity of the SCE. Indeed, SCEs 
containing nanoporous matrices have shown higher conductivi-
ties as compared to those SCEs with nonporous matrices. So far, 
conventional nanoporous materials with relatively low surface 
area (≈1000 m2 g−1), such as silica and alumina, are typically 
used for SCEs. Novel nanoporous materials with large surface 
area and easy-to-modify surface such as MOFs are encouraged 
to be used in the SCE. The porous matrices used for SCEs are 
typically microsized particles where Li+ ions still need to hop 
between the particles. This means that the interface conduction 
thus the conductivity of the SCE can be compromised by the 
limited connectivity between the particles. A “perfect” porous 
matrix should have a porous network extending through the 
whole electrolyte, e.g., a porous monolith where the Li+ ion can 
conduct in the entire electrolyte without interruption. This idea 
of having a monolith as matrix can be realized in the ILE-SCE 
prepared by the sol–gel method. Indeed, the sol–gel derived 
ILE-SCEs have shown conductivities higher than those of the 
ILE-SCEs prepared by direct-mixing and tethering, where the 
matrixes are solid or porous particles.

In summary, all types of SCEs, i.e., inorganic-SCE, polymer-
SCE, and ILE-SCE can show conductivity enhancement which 
can be further enlarged by using porous matrices. Among 
these SCEs, ILE-SCEs have the highest conductivity up to 

10−2 S cm−1, while inorganic-SCEs show lowest conductivity, 
typically below about 10−6 S cm−1. Besides improving the con-
ductivity of these SCEs, applying them in all-solid-state lithium 
ion batteries (ASSLIB) is also fascinating. ASSLIB can be clas-
sified into thin-film microbatteries and powder-based batteries. 
Thin-film microbatteries are typically fabricated by depositing 
micrometer-thick electrodes and electrolyte sequentially on 
substrates in vapor phases. While allowing the electrolyte to be 
somewhat resistive (≈10−6 S cm−1), the short conduction path 
in the thin-film batteries keeps the resistance of the electro-
lyte below an acceptable value (e.g., <50 Ω cm−2). Functional 
thin-film batteries with µm-thick LiPON film, which has a 
conductivity of about 10−6 S cm−1, have been investigated and 
even commercialized. To be implemented in microbatteries, 
SCEs have to be made in thin-film format. In SCE thin-films, 
the matrix and the ionic conductor need to be evenly dispersed 
within µm-ranged, and the conductor should contact the elec-
trodes to ensure the ionic conduction within the batteries. The 
fabrication of such SCE thin-films could be difficult especially  
for composites based on ILEs and polymers which can be rarely 
deposited in vapor phases. However, in spite of this difficulty, 
some interesting deposition techniques for thin film SCEs have 
been reported. For example, ILE-SCEs with silica as matrix have 
been developed by spin-coating sol–gel solutions for silica con-
taining ILEs.[352] Polymer-SCEs have been fabricated by first 
depositing a porous silica matrix and then filling pores in the 
silica with polymer electrolytes.[179] As ceramics, inorganic-
SCE thin-films are more difficult to fabricate than ILE-SCE 
and polymer SCE thin films. However, recently, thin-films of 
inorganic-SCE were deposited using the pore-filling approach 
for the polymer-SCE thin films.[353] In the fabrication, a so-
called alucone film where organoaluminium molecules, such 
as trimethylaluminium, were interconnected by organic mol-
ecules, e.g., ethylene glycol, was deposited by molecular layer 
deposition (MLD). Then, the organic parts in the alucone were 
etched away, resulting in a porous alumina which was after-
ward filled with a lithium conductor by ALD. MLD and ALD 
employed in this process enable coating composite film on 
electrode of high aspect ratio.

Limited by the mass of the electrode materials, thin-film bat-
teries can only delivery relatively lower capacity compared to 
conventional LIBs with liquid electrolyte. In contrast, powder-
based ASSLIBs typically containing electrode and electrolyte 
layers of dozens-µm thick can output high capacity. With such 
thickness, the electrolyte in the powder-based battery should 
be highly conductive (>10−4 S cm−1). Therefore, ILE-SCEs are 
more promising candidates for these batteries compared to the 
other two types of SCEs. Moreover, unlike the conventional 
LIBs where the liquid electrolyte can wet the porous electrodes, 
powder-based ASSLIBs have “composite electrodes” where the 
electrode and electrolyte particles are mixed to ensure the ionic 
conduction. In a typical fabrication procedure for these solid 
batteries,[25] the active electrode material, carbon black, and elec-
trolyte powders (typically more than 30 wt%) are mixed. Then 
this mixture is pressed into composite electrode pellet, and the 
obtained composite electrode pellets are pressed toget0her with 
the electrolyte pellet to build the cell. There are three types of 
contacts in the prepared solid-state batteries: between the elec-
trode and the electrolyte particles in the composite electrode, 
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between the electrolyte particles in the electrolyte pellet, and 
between the pellets of composite electrode and the electrolyte. 
These contacts are mainly point-to-point type, as illustrated in 
Figure 14a (for the contacts between the particles in the com-
posite electrolyte, but other contacts are similar to this case), 
resulting in limited Li+ ion conduction. Fabrication of solid-
state batteries with intimate ionic contacts are considered 
as a prime objective for the future development of solid-state 
batteries.[354]

To improve the contact in the batteries, the pellets are usu-
ally hot-pressed,[355] a process similar to the ceramic fabrication, 
or sintered at about 60% of the melting point of the materials 
to chemically bond the particles.[356] For example, according to 
literature, Li10GeP2S12 and Li7La3Zr2O12 pellets were sintered at 
500 °C[37] and about 1000 °C,[357] respectively. This high tem-
perature treatment can be incompatible with other battery com-
ponents. For example, the aluminum current collector melts at 
660 °C[358] and carbon will be reduced by the cathode at such 
high temperatures. In fact, more expensive platinum current 
collectors instead of aluminum are used in thin-film batteries 
with LiCoO2 as electrode, because the synthesis of LiCoO2 
requires temperature up to 700 °C.[359] Moreover, high tempera-
ture treatment can introduce a blocking interface between the 
electrolyte and electrodes, as the atoms in the electrodes and 
electrolyte can cross the interface to diffuse into other mate-
rials (or battery components).[360] Buffer layers are, therefore, 
generally introduced in all-solid-state batteries to reduce the 
interface resistance. A conductive buffer layer that can be pro-
cessed at low temperature is preferred. For example, LiNbO3 
is typically used as buffer layer between the LiCoO2 electrode 
and the sulfide electrolyte,[32] because glassy LiNbO3, which 
needs no high temperature treatment, has a conductivity of up  
to 10−5 S cm−1.[361]

In summary, a low temperature process that can form inti-
mate ionic contact between the battery components is required 
for the fabrication of high-performance powder-based batteries. 
Recently, wet processes at low temperatures for the fabrication 
of all-solid-state batteries have been shown.[354,362–364] In these 
processes, porous electrode films were soaked in a solution 
containing the precursors for the synthesis of the solid electro-
lyte, and then the soaked electrodes were heated below 300 °C 
to form the electrolyte inside the electrode film. The solid elec-
trolyte is believed to be brought into contact with the electrode 
particles by the liquid.

Besides its significance on the conductivity of the ILE-SCEs, 
the sol–gel method can also enable novel battery fabrication 

processes similar to those low-temperature wet processes. An 
intimate contact (Figure 14b) between the electrode and elec-
trolyte can be formed by wetting the particles with the sol–gel 
solution, and as the ILE-SCE is a monolith, the ionic contact 
within the electrolyte layer is intrinsically optimal. Moreover, it 
is even possible to form the whole battery stack by one step, 
i.e., the contact between the composite electrode and electrolyte 
“pellets” forms without a pressing step, which is needed in the 
conventional fabrication. More importantly, the process can be 
done at room temperature which can mitigate the formation of 
a detrimental interface layer.

The mainstream sol–gel formulations for the ILE-SCEs, 
however, contain formic acid with a pKa of 3.7. This acidity will 
damage the lithium ion battery electrodes.[365] The incompat-
ibility between the electrode materials and the ingredients in 
these sol–gel methods means that with these sol–gel formula-
tions, the above discussed benefits of a using sol–gel approach 
for the fabrication of all-solid-state battery cannot be realized. 
Hence, it is necessary to develop a new sol–gel recipe for the 
synthesis of ILE-SCEs. Sol–gel methods with neutral aqueous 
or nonaqueous solution are known.[366,367] They can be adapted 
to synthesize the ILE-SCEs.
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