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Abstract:  

Solid electrolyte has been considered as an ideal substitution of liquid electrolyte, by avoiding 

the potential hazards of volatilization, flammability and explosion for liquid electrolyte based 

rechargeable batteries. However, there are significant performance gaps to be bridged between 

solid electrolytes with liquid electrolytes, one with the particular importance is the ionic 

conductivity which is highly dependent on the material types and structures. In this review, we 

re-visit the general physical image of ion hopping in the crystalline structure, by highlighting 

two main kernels that impact ion migration: ion hopping pathways and skeletons interaction. 

We then systematically summarize the universal strategies to effectively improve ionic 

conductivity of inorganic solid electrolytes: (1) constructing rapid diffusion pathways for 

mobile ions; (2) reducing resistance of the surrounding potential field. The scoped strategies 

offer an exclusive view on the working principle of ions movements regardless of the ion 

species, thus providing a comprehensive guidance for the future exploitation of solid 

electrolytes.  
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1. Introduction 

The concerns over global climate change, accelerated by the consumption of fossil fuels and 

increasing CO2 emissions, have stimulated explosive researches on renewable energy 

technologies with clean and sustainable sources.[1-3] From this perspective, the energy storage 

systems with green energy sources (solar, wind, tidal) are under urgent demand to compensate 

their intermittent characteristics.[4] Rechargeable batteries, proven to be an efficient and 

environment-friendly energy storage technology, have sparked massive research enthusiasms.[5] 

Benefiting from the high energy density and long cycling lifetime, lithium ion batteries (LIBs) 

have created a remarkable commercial success, by powering products from portable electronics 

to electric vehicles.[6-8] On the other side, there are increasing health and safety cases reported, 

regarding to the fire and exploding incidents of using batteries.[9, 10] One of the latest research 

trends focus on exploring alternative electrolyte systems to mitigate the safety dilemma caused 

by the flammable liquid nature of traditional liquid electrolyte.[11] 

Solid electrolyte has been considered as an ideal substitution of the current liquid electrolyte 

as their unique characteristics: (1) Solid electrolytes with un-flammable nature can 

fundamentally avoid the fire danger and electrolytes leakage, providing as the essential 

component for more secure battery systems. (2) The use of solid electrolytes can be expected 

with higher energy density and longer cycling lifetime, as they generally accompanied by high 

chemical stability, which makes it possible to investigate cathodes with high voltage and 

directly use metal anode. (3) The undesirable side reaction, occurring in liquid electrolytes 

battery systems, can be effectivity restrained. For instance, the ubiquitous shuttle effect in 

metal-sulfur batteries with liquid electrolytes will seriously damage the coulombic efficiency 

and cycling lifetime, which can be greatly suppressed by using solid electrolytes as the 

polysulfide cannot migrate. (4) Solid electrolytes possess superiority in practical operation, with 

a wider operating temperature and electrochemical stability window to tolerate the complex 

working conditions.[12] As the crucial part in solid-state battery, solid electrolyte needs to 
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achieve extraordinary performance with high ionic conductivity, wide electrochemical window, 

tight and stable contacted interface between electrolyte and electrodes, and good mechanical 

and thermal stability.  

According to the composition, the reported solid electrolytes can be classified as solid 

polymer electrolytes,[13] inorganic solid electrolytes,[14] and composite electrolytes[15, 16], 

exhibiting different superiority. Polymer electrolytes with flexible character can provide well-

contacted interface between electrolyte and electrodes for effectively ion transport. However, 

the intrinsic low ionic conductivity confines the usage of flexible polymer electrolytes, which 

can be enhanced by inorganic filler additives. Inorganic solid electrolytes usually have fast ion 

transport with high thermal stability, appearing high ionic conductivity. Whereas, the poor 

interfacial contact of electrolyte and electrodes extremely damage the battery performance. To 

address this issue, many methods have been reported to improve the interface contact. 

Ceramic/polymer composite electrolytes are believed to combine the advantages of these two 

types of solid electrolytes, getting some progress. Even though, there is no perfection that can 

reach all the requirements for battery use currently. Selecting an appropriate solid electrolyte 

with high ionic conductivity is still urgent and the prerequisite for solid-state battery system 

design, thus emphasizing exploration of inorganic ionic conductors.   

Nowadays, a plenty of inorganic ionic conductors for various mobile metal ions, including 

Li+,[17] Na+,[18] Mg2+,[19, 20] Zn2+,[21, 22] etc, have been exercised for solid state batteries.[23] 

Sulfide solid electrolytes, such as Li3PS4, Li2S-P2S5, Li10GeP2S12 (LGPS), appear to be a 

promising solid electrolyte candidates for solid-state lithium batteries, appending high ionic 

conductivity about 10-2 S cm-1.[24] Garnet–type oxides, such as Li7La3Zr2O12 (LLZO), [25] 

NaSICON-type Li1+xAlxTi2-x(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP),[26] are another 

competitors for solid electrolytes with unique Li-ion conductivity of 10-4-10-2 S cm-1. 

NaSICON-type oxides can also be used as solid electrolytes, typically Na3Zr2Si2PO12 (ionic 
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conductivity: 10-3–10-2 S cm-1).[27] Recently, MgSc2Se4 was also reported as a potential solid 

electrolyte in magnesium batteries with an ionic conductivity of 10-4 S cm-1.[28]  

As an essential criterion, a high ionic conductivity equivalent to the level of traditional liquid 

electrolyte (>10-2 S cm-1) is desired for solid electrolytes. Unfortunately, though vast 

painstaking efforts are devoted to hunting for satisfied solid electrolytes, considerable gaps 

remain to be bridged to reach favoured ionic conductivity. The primary gap is the lack of 

new/novel ion transporting mechanism to enhance the ionic conductivity, where insightful 

scientific understandings on the ionic conduction in solid conductors appears as a critical 

element to exploit remarkable solid electrolytes. The generally accepted fundamental 

microcosmic physical image of ion migration in ionic conductors is that the mobile ions jump 

from one occupied position to another.[29] Up to now, there are multitudes of reviews to 

elaborate different ion transport mechanisms of various existing solid electrolytes.[30, 31] 

However, the universal roadmap for enhancing ionic conductivity remains yet to be charted. 

In this article, we holistically summarize the strategies to improve ionic conductivity, through 

investigating ion hopping process to reveal the general influencing factors in ionic conduction, 

not confined on one specific mobile ion. The conduction of metal ions in inorganic solid 

electrolyte can be simplified as directional hopping of mobile ions, clarified as jump relaxation 

model.[32] The hopping of the ions is intrinsic thermally driven, where diffusion path in the 

crystal structure is crucial. Meanwhile, the tight interactions of skeletons with mobile ions block 

the ion movements, then affecting ionic conductivity. Therefore, the fundamental concepts in 

enhancing ionic conductivity can be classified as: (1) constructing rapid diffusion pathways for 

mobile ions; (2) reducing resistance of the surrounding potential field (Figure 1). In line with 

above classifications, the possible directions and approaches are summarized to enable further 

solid electrolytes, to develop future all-solid-state batteries with bespoken performance.  

 

2. Fundamentals for Ion Migration 
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Many materials can be potentially used as fast ionic conductors for different mobile metal 

ions. Although multifarious ion migration models are proposed to describe the microcosmic 

process, they share the basic physic principles.[33] Commonly the mobile ions in crystalline 

solids tend to occupy the lowest energy sites, whose migration process can be regarded as a 

continuous hopping of ions at these locations.[34] When the displacement is R after jumping n 

times, the diffusion coefficient (D), which measures the hopping rate of ions in the structure, 

can be expressed as: 

D= <R>2

bt
= 1

b
νr2          (1) 

where t is lasting time of n jumps, ν is the jump frequency, r is the distance of one jump and 

b represents the geometrical factor. From Equation 2, also called Nernst-Einstein equation, the 

ionic conductivity σ is proportional to the diffusion coefficient D:  

σ= Dnq2

kT
           (2) 

where n is the number of mobile ions per unit volume, q is the quantity of electric charge of 

one mobile ion. For solid electrolyte materials, large diffusion coefficient (D) and high ionic 

conductivity (σ) are both required. In crystalline structures, mobile ions generally migrate 

through point defects (Figure 2a). Take vacancies as an example, where the diffusion of ions 

can be equivalent to the diffusion of vacancies. Here comes the equation: 

DvCv=DC           (3) 

where Dv  is diffusion coefficient of vacancies, Cv  is concentration of vacancies, D  is 

diffusion coefficient of mobile ions, and C is concentration of mobile ions. Since the generation 

of vacancies is a process of thermal excitation: 

Cv=Cv0 exp (- Ev
RT

)          (4) 
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where Ev is formation energy of vacancies. When the concentration of mobile ions in a solid 

is dilute enough, which means the ions jumps are independent, the movement of ions follows a 

random thermal-driven Brownian motion. The same goes for vacancies: 

Dv= 1
b

νvr2= 1
b

r2νv0exp(- Ej

RT
)        (5) 

where Ej is the activation energy for vacancies to jump. Combining Equations 3-5, we can 

obtain: 

D= 1
b

r2νv0
Cv0
C

exp(- Ev+Ej

RT
)         (6) 

Hence, the activation energy of ion migration can be determined by Ev  and Ej . Upon 

introducing a large quantity of vacancies (defect regulation), the ionic conductivity can be 

obviously enhanced in terms of the constant of Cv and the neglected Ev. In fact, the ions can 

jump in a variety of ways. The activation energy is variable depending on how ions jump, 

leading to the difference in Ev. Thus, a rapid hopping path for ions is crucial for accelerating 

ion migration. On the other hand, the opposite charged skeleton attracts mobile ions in the 

consideration of electric neutrality. When ions jumping, this Coulomb force need to be 

overcome, reflecting in Ej. From this perspective, the reduction of interaction between mobile 

ions and the skeleton seems to be a feasible route. Figure 2b-d[32] depicts the hopping of charged 

ions in the periodic potential field. The potential energy is a function related to migration 

distance of mobile ions, where the lowest energy represents the equilibrium position and the 

highest energy represents the position closest to anions, determining the barrier for migration. 

Regulating Ev  means finding a new migration path with gentle energy fluctuation, while 

controlling Ej means reducing the highest energy position for the specific migration path, both 

lowering the barrier for ion migration, having irreplaceable significance for enhancing ionic 

conductivity. 

Notably, we assume a general mobile ion in the model, without consideration of valence or 

radius of the ions, which could be applied to most ions. While, situations may be slightly 
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different for various ions. Li-ion conductors have been extensive explored as their great 

commercial potential. Na+ has the same valance of Li+, making many similarities of these two 

categories. For instance, NaSICON-type materials have been verified as available solid 

electrolytes for both solid-state lithium and sodium batteries. Whereas, Na+ has larger ionic 

radius, requiring larger conduction channels in the materials. As for multivalent metal-ions, the 

researches of solid electrolytes are rare as the large migration barrier caused by the increasing 

charge and volume.  

 

3. Constructing Rapid Diffusion Pathways for Mobile Ions 

The activation energy and ionic conductivity of solid electrolytes has a strong correlation 

with the diffusion pathway, which is determined by the crystalline structure, auxiliary defects 

and ions. In this section, we discuss strategies for enhancing ionic conductivity by constructing 

rapid diffusion pathways. 

3.1. Crystalline Structure for Ion Migration 

Empirically, a satisfactory structure for guaranteeing rapid ion migration needs to attain some 

requirements.[35] In the certain crystalline structure, the mobile ions prefer locating the stable 

sites with the lowest energy, the ion hopping between these sites leading ionic conduction.[36] 

Accordingly, a continuous hopping of mobile ions in a long enough range is pre-requisite for 

observable ionic conductivity, which requires the connected channels between adjacent sites in 

long-range ordered structure. The connected conduction channels should possess appropriate 

size, allowing the rapid movement of mobile ions. Moreover, the different sites of mobile ions 

along the channels need to keep a relative flat energy landscape, maintaining a low migration 

barrier. From this perspective, when the randomly distributed mobile ions across the conduction 

channels are favorable for the improvement of ionic conductivity.  

Ceder et al. proposed design principles for solid-state lithium superionic conductors and 

revealed the critical influences of the anion-host matrix on the ionic conductivity of solid-state 
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Li-ion conductors.[37] The results indicated that body-centered cubic (bcc) anion framework 

allows the Li ions to migrate within a network of interconnected tetrahedral sites possessing 

equivalent energies, yielding a lower activation barrier (Figure 3a) as verified in Li10GeP2S12 

and Li7P3S11. Apart from ionic conductors with 3D diffusion channels, layered structures with 

2D-diffusion also show promises as solid electrolytes.[38] A new P2-type honeycomb-layered 

Na2Mg2TeO6, with Na+ migration pathway created in the crystal lattice between two 

honeycomb frameworks, exhibited a high ionic conductivity of 2.3×10-4 S cm-1 (Figure 3b).[39] 

Recently, a special structure of KSi2P3 with T5 supertetrahedra was demonstrated for rapid K+ 

migration, where the KSi2P3 is composed of SiP4 tetrahedra forming interpenetrating networks 

of large T5 supertetrahedra.[40] The potassium ions located in large channels between the T5 

supertetrahedral networks shows facile movement through the structure (Figure 3c). 

Emphatically, the best performing structure for various active ions are different, which makes 

the choice of an applicable crystalline structure essential for rapid ion migration.[41-44] The 

typical structures and materials for solid electrolytes of various active ions are listed as Table 

1. 

 
3.2. Defect Regulation 

The perfect periodic structure is almost impossible to obtain experimentally, since crystal 

solids are always accompanied by various defects, intrinsic and extrinsic.[58] It is worth noting 

that we only discuss the defects which are directly relevant to ion migration pathways, the 

skeletal defects introduced to regulating the dynamic stability of the crystal framework 

therefore is deferred. 

The mobile ions usually do not completely fill the sites in the fast ionic conductors, existing 

fraction occupying ratio naturally and leading to many vacancies for ion migration. Recently, 

Searles et al. calculated the vital effect of structural defects and investigated diffusion 

coefficient of Li ions in Li3OCl, a typical anti-perovskite Li-ion conductor.[59] Anti-perovskite 
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materials are usually filled with intrinsic defects to maintain the structural stability due to the 

uniqueness of their structure, making them possess relatively high ionic conductivity. Three 

kinds of point defects (LiCl Schottky defect, Li2O Schottky defect, and O-Cl substitution defect) 

are likely to occur (Figure 4a). The types, distributions, and combinations of defects 

significantly affect the Nernst–Einstein conductivity and ion diffusion activation energy (Figure 

4b). Whereas, the intrinsic defects in solids can only be introduced during the synthesis process 

with uncertainty. Yashima et al. reported a hexagonal perovskite related oxide-ion conductors 

Ba7Nb3.9Mo1.1O20.05, containing an excess oxygen of x=0.05 (O20+x or O0.05 in 

Ba7Nb3.9Mo1.1O20.05) compared with the mother material (Ba7Nb4MoO20).[60] The O1−O5 oxide 

ion interstitially diffusion was striking accelerated by the increased interstitial oxygen, leading 

a higher oxide-ion conductivity of Ba7Nb3.9Mo1.1O20.05 (Figure 4c, d). In practical scenarios, the 

intrinsic defects of crystals are tightly related to temperature (Equation 4), which are 

challenging to targeted defect types and concentrations. 

Aliovalent ions doping is commonly considered to be a realistic approach to regulate defects 

in crystalline solids, which is confirmed in plentiful ionic conductors for various mobile ions.[61, 

62] Element substitution of the active ion site can remarkably influence the vacancy and carrier 

concentration even with a small number of foreign ions. Theoretically, Huang et al. simulated 

the migration of Na+ in Ca2+-doped Na3PS4.[63] When the doped Ca2+ replacing the Na II site, 

Na vacancies are generated to ensure electron neutrality, as depicted in Figure 4e. The migration 

through the path of Na I–Na II–Na I (Figure 4f) is accelerated by the introduced Na vacancies, 

lowering the migration energy barrier (0.21 eV→0.19 eV). Similarly, aliovalent substitution on 

skeleton site is capable of altering carrier concentration. Ran et al. reported a Sc, Ge doped on 

Zr site for NaSICON type sodium superionic conductor (Na3.125Zr1.75Sc0.125Ge0.125Si2PO12, 

Figure 4g) with increased Na+ concentration, achieving enhanced ionic conductivity of 4.64 

×10−3 S cm−1 (Figure 4h).[64] Besides, doping on skeleton sites can modify the electrostatic 
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interactions between the mobile Li ions and surrounding framework anions, which is 

categorized into Section 4.  

3.3. Concerted Migration 

In Section 2, we simplify the classical diffusion model as the independent hopping of 

individual ions from one lattice site to another, neglecting the correlated migration of multiple 

ions. To fit the actual situation, the correlation factor f and Haven ratio HR are introduced to 

evaluate the deviation.[65] Here comes the Equation 7: 

D= f
HR

1
b

r2νv0
Cv0
C

exp(- Ev+Ej

RT
)         (7) 

The correlation factor f generally takes a value between 0 and 1, measuring the interrelation 

of various hopping.[66] While HR has no specific physical meaning, reflecting the coupling of 

different migration mechanisms. When f=1, HR=1, Equation 7 is equivalent to Equation 6, 

representing that the hopping of ions is individual and random. It has been verified that the 

migration barrier can be significantly lowered when two or more ions interknit jump. 

The so-called “kick-off”,[67] “interstitially”[68] migration mechanism shares the same 

principle as the concerted migration for two or more ions involved in the hopping of mobile 

ions. Notably, concerted migration describes an associated hopping of ions in different chemical 

environments, remarkably reducing the migration barrier compared with single-ion migration 

(Figure 5a).[69] For typical NaSICON materials, three Na+ sites (Na1, Na2, Na3) with different 

energy exist in NaZr2(PO4)3, where Na1 site is a low energy site.[70] On the basis of climbing 

image nudged elastic band (CI-NEB) method, the concerted migration was occurred by Na2 + 

Na1 + Va(Na2) → Va(Na2) + Na1 + Na2 with a lowest barrier (Figure 5b). As a result, the Na+ 

ion originally located at the Na2 site moved toward the next Na1 site and the strong Coulomb 

force pushed that Na+ ion to the next Na2 site, achieving the migration barrier of 0.103 eV. The 

concerted migration is often discovered in materials with high concentration of active ions, 

where the lowest energy sites are fully filled and extra ions are occupied sites with relatively 
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high energy. For ion migration, the ions with different energy move simultaneously, the energy 

difference between these two kinds of ions whittling the barrier. In this mode, the ionic 

conductivity is often optimized by modulating the carrier concentration, where substituting is 

still a practical method.[71, 72] What's more, the concerted migration can be expanded to the 

associated hopping involving two different types of mobile ions and/or mobile ions/skeleton 

ions, which is deserved for further investigation with enhanced ionic conductivity.[73] 

Noteworthily, the concerted migration of two different mobile ions has been reported frequently 

in the cathode materials, indicating potentials for solid electrolytes.[74] 

 

4. Reducing Resistance of Surrounding Potential Field 

4.1. Phonon–Ion Interactions 

The energy landscape of mobile ions in crystalline lattice depends not only on the crystal 

structure, but also on the bonding interaction of skeleton ions. Even for the same structure, there 

considerable discrepancy exists in migration barrier as the results of different skeleton anions.[75] 

Such vital effect of skeleton ions can be seen as the interactions of mobile ions and phonons 

derived from lattice dynamics.[76] The crucial influence of phonons on ionic conductivity was 

discovered and demonstrated experimentally in Ag-ion conductors since last century.[77, 78] 

Though many theories and models have been proposed to predict a descriptor for measuring 

the phonon-ion coupling[77, 79], a detailed and appropriate understanding of how lattice dynamic 

influence the ionic conduction is still absent. Recently, the physical images of lattice dynamics 

are attracting attention with the potentials for Li-ion conductors of solid-state lithium batteries. 

Some rules experimentally verified can give some directions. 

During the hopping of a mobile ion, the saddle point must be crossed, heavily dependent on 

the anharmonic relaxational motion from the skeleton lattice (Figure 6a).[80] Typical 

terms/concepts associating with the anharmonic potential are summarized as follows: 
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(1) Lattice polarizability: The polarizability of ions is considered as the ability to form 

instantaneous dipoles, as determined by the size and charge. For anions that exhibit the same 

formal charge, the one with larger size is more polarizable.[81] In terms of bonding, the 

polarizability closely relates to the bond strength, where the anions with larger polarizability 

likely to have wider spread electron cloud distribution and weak bond connection. The lattice 

of more polarizable anions generally represents the weak phonon-ion interaction and decreasing 

diffusion barrier (Figure 6b).[76] 

(2) Debye frequency: Within the framework of the transition state theory of ionic motion, the 

mobile ions are trapped in a potential well with an energy gap. The attempt frequency is defined 

as the rate that a bound ion "attempts" to escape the potential, corresponding to the energy 

barrier.[82] The value of attempt frequency is usually within the range of phonon frequency, so 

it is possible to use Debye frequency as a descriptor to estimate the attempt frequency in certain 

conditions. The Debye frequency decreases as the lattice becomes softer, leading a decreasing 

attempt frequency and activation energy (Figure 6c, d).[83] It is worth noting that, even the 

Debye frequency and the attempt frequency seem to have some kind of connections, they are 

not totally equated to each other. This deviation is originated by the involvement of the optical 

phonons in the lattice, which Debye frequency neglects the impact.[84] As the jumping 

frequency also appeared in pre-exponential factor of ionic conductivity (Equation 6), the soften 

lattice is also accompanied by reducing pre-exponential factor and then impairing ionic 

conductivity, which might be an explanation for Meyer-Neldel rule (or compensation rule).[85] 

(3) Phonon band center: Phonon band center is a new term in describing the anharmonic 

potential by comprehensively considering the influence of phonon vibration, which can be 

measured and calculated via statistically averaging over the vibrational spectrum weighted by 

the phonon density of states at each frequency.[86] Lowering the lithium phonon band center of 

the Li-sublattice can effectively reduce the enthalpy of migration in different Li-ion conductors 

(Figure 6e).[75] Notably, the phone band center has a correlation with Debye frequency.  
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Even though these terms/concepts can connect lattice dynamic with ion migration, which are 

considerable reference factors when searching potential ionic conductors. In some 

circumstances, these conceptions might be unapplicable and even contradictory, which should 

be analyzed case by case. However, despite many efforts have been paid to understand possible 

connections of lattice dynamic on the ion migration processes, no unified theory has been 

achieved. 

4.2. Lattice Softness 

The softer, more polarizable anion framework benefit the ionic transportations, by decreasing 

Debye frequency and Phonon band center. Figure 7a depicts the variation of energy landscape 

of specific Li+ when lattice softening.[83] By softening lattice, which means to weaken the bond 

interaction of mobile ions and skeleton ions, the local jump mode reaches a board oscillation, 

thereby reduce the activation barrier.[87] Anions substitution has been frequently corroborated 

to soften the lattice framework in Li+- and Na+-conductors. For instance, Se possesses the same 

formal charge and larger ionic radius comparing with S, making it more polarizable and suitable 

to construct a softer framework (Figure 7b).[88, 89] In line with the above principle, the ionic 

conductivities of argyrodites Li6PS5X (X = Cl, Br) can be optimized by tailoring the anions.[90] 

Actually, there are usually non-mobile cation elements contained in ionic conductors beyond 

mobile cations and skeleton anions, which also playing an important role in lattice. Feng et al. 

doped Tungsten in sodium thioantimonate, to achieve a lower activation energy.[91] The heavy 

W-doping lower the local Na-S interactions by pulling the S away from Na-ions through the 

strong W-S interaction, creating a “softer” S and facilitating Na-ion migration (Figure 7c). Xu 

et al. systematically studied the effects of charge and lattice volume on the stability of lithium 

ion occupation and migration in face-centered cubic (fcc) structure.[92] Low lithium ion 

migration barriers can be achieved by adjusting the non-lithium elements within the same 

crystal structure. Figure 7d highlights the recommended element of the skeleton ions in the 

periodic table of element to achieve fast A ion migration in the ABC ternary compounds. 
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Tuning the softness of lattice are often accompanied by some distortions of structure and 

introducing defects in the crystal lattice, further affecting the ionic conductivity.[93-95]  

However, there some puzzles remain to be resolved as some experimental results stand 

oppositely to the idea that a softer lattice framework is beneficial for ionic conduction, for 

example, the more polarizable Li3OBr shows a lower ionic conductivity than Li3OCl.[96, 97] 

Similarly, Li6PS5I appears an extraordinary low ionic conductivity compared with Li6PS5Br 

and Li6PS5Cl.[98] An empirical rule has been generally utilized to explain the anomalous 

phenomenon for various ionic conductors, known as Meyer-Neldel rule.[99] Whereas, the 

Meyer-Neldel rule can’t be universally applied to all ionic conductors. The decreasing of pre-

exponential factor correlating with the reduction of activation barrier can be attributed to the 

entropy of migration. The multi-excitation entropy theory seems to be a possible explanation to 

bridge this gap, which describes activation entropy proportional to the activation energy.[100] 

4.3. Structural Disorder or Distortion 

Since the migration entropy has a crucial impact on the ionic conduction, altering the 

structural disorder or distortion has been proved as an effective approach to enhance ionic 

conductivity. LiTi2(PS4)3, an anti-Meyer-Neldel rule material, exhibits an extraordinary high 

Li-ion diffusion coefficient benefiting from low activation energy and a high pre-exponential 

factor, with a frustrated energy landscape caused by the highly distorted Li sites (Figure 8a).[101] 

Recently, Chen et al. analyzed the influence of structural distortion on Li3OCl1−xBrx ionic 

conductors, suggesting that more distorted initial Li sites and less distorted saddle sites assisted 

in fast ion migration (Figure 8b).[102] The flatter energy landscape was particularly fit for lower 

activation energy and higher migration entropy, enabling the violation of the rule.  

Introducing structural disorder can be used to accelerate the ion migration. Li6PS5I, as a 

recognized poor ionic conductor with its ordered anion sublattice, can be enhanced by 

mechanical treatment, to increase the degree of structural disorder and boost ionic conductivity 

by 2 orders of magnitude.[103] Site disorder has been predicted for higher conductivity by 
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simulations and verified experimentally. Doping Cl at S (4d) site of argyrodites Li6-xPS5-xCl1+x 

leaded a 1S3Cl (4d) configuration, contributing Li+ with significantly higher mobility (Figure 

8c).[104] Furthermore, a special rock-salt (A1B1)-structured solid electrolyte has been reported 

with structural disorders as the Li, Al, and H atoms occupying the A sites and O and Cl atoms 

occupying the B sites (Figure 8d).[105] The disorder was induced by configurational entropy and 

the entropy of mixing reduced the ion hopping barrier and promoted the Li+ transport. Such 

mechanism can be used to construct material system with high entropy towards novel solid 

conductors. 

The orientational disorder of lattice has been evidenced with the lower activation barriers. 

The new argyrodite Li6PS5CN containing orientationally disordered cyanide ions exhibited a 

relative low lithium ion migration barrier, though it adopting the similar crystal structures with 

Li6PS5Br (Figure 8e).[106] This strategy could be innovatively applied in ionic conductors for 

multivalent metal-ions. Yan et al. predicted NH3 in Mg(BH4)2NH3 exchanged and constructing 

a highly flexible structure, profiting from the di-hydrogen bonds and dramatically improving 

the Mg-ion conductivity approximately 8 orders of magnitude higher than that of Mg(BH4)2 

(Figure 8f).[107] Therefore, the creation of a chaotic structure like some glass solids with 

topological disordering of atom arrangement and increased entropy could be a potential strategy 

for enhancing ionic conductivity. 

4.4. Paddle Wheel Mechanism of Polyanions 

In 1990s, the paddle-wheel mechanism was proposed to explain the “rotor phases” in high 

temperature of order-disorder transformation.[108] The core concept is that the 

rotational/reorientational motion of polyanions in the structure may reduce the fluctuation of 

energy and improve cationic conductivity (Figure 9a).[109] This phenomenon has been 

investigated in many structures with covalent bonds polyanions (e.g., NO2
-, PO4

3-, SO4
2-). In 

fact, the rotation of polyanions yields a orientational disorder of anion framework, increasing 

the structural entropy of the lattice. The paddle-wheel mechanism has special universality and 
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comes into view to manipulate the ion migration. However, the intrinsic connection of fast 

rotations of polyanions with cation diffusion is still intricate.  

Recently, the rotation of polyanions has been observed in many ionic conductors, typically 

Li3PS4, argryodites Li6PS5X (X= Cl, Br, I), Na11Sn2PS12 and so on. For instance, Li3PS4 exists 

two type of structures with high-temperature (HT) β-phases and stable low-temperature (LT) γ-

phase, appearing ionic conductivity with significant discrepancy.[109] The polyanions in two 

modifications were explored to be arranged differently, determining the divergence of ionic 

conductivity. In γ-Li3PS4, the [PS4] tetrahedra feature a T+ arrangement along the c axis, while 

the [PS4] tetrahedral arrangement is disordered in β-Li3PS4 (Figure 9b). Whereas the particular 

disorder arrangement of [PS4] tetrahedral only occur in HT-phase, seeking an approach to 

maintain the disorder structure in room temperature is required. Zhang et al. tuned anion 

rotation at room temperature by partially substituting P5+ in Li3PS4 with Si4+, where the Si-

substituted analog exhibited an anionic framework with rapid [PS4] rotation, thus lowering the 

energy barrier for ion migration.[109] Smith et al. predicted a glass 75Li2S-25P2S5 solid with a 

long-range disorder covalent network and Li mobility was enhanced by paddlewheel effect of 

PS4
3- tetrahedra.[110] Besides, the dynamic of rotation depends extremely on the type of anion. 

Zhang et al. demonstrated the greatly hindered [SbS4]3− rotation compared with [PS4]3− in 

Na11Sn2PnX12 (Pn = P, Sb; X = S, Se).[111] The variable temperature neutron diffraction/MEM 

analysis indicated that fast [PS4] rotation is correlated with higher Na+-ion conductivity, 

whereas the [SbS4]3− exhibited a negligible rotational dynamic even in high temperature. This 

cation-anion dynamic coupling was though transient widening of the bottleneck for cation 

migration when anion rotation (Figure 9c, d). Despite above progresses, a deep-going physical 

model needs to be proposed to reveal the intricacy interaction of anion rotation and cation 

migration, and a general principle for the choice of anions type need be explored to guide the 

design of ionic conductor.  
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5. Conclusions and Future Perspectives 

In this review, a periscope summary of strategies to enhance ionic conductivity in ionic 

conductors is provided based on the classical jump relaxation model and two main approaches 

are followed: constructing rapid diffusion pathways and reducing resistance of the surrounding 

potential field. These strategies derived from the principle have been verified to be highly 

effective, as Table 2 summarizing typical reports about different strategies and comparing the 

ionic conductivities. For a certain crystalline structure with connected conduction channels for 

rapid ionic diffusion, defect regulation is most often used to optimize ionic conductivity as it is 

convenient and effective by changing the raw material ratio or doping other elements. However, 

the enhancement of ionic conductivity is limited by the confined defect concentration to 

maintain the crystalline structure. The application of concerted migration mechanism in solid 

electrolytes can greatly improve the performance, increasing ionic conductivity by 3-5 orders 

of magnitude. The emphasis is on design and synthesis of materials with concerted migration 

mechanism. What's more, searching materials with concerted migration, expanded to the 

associated hopping involving two different types of mobile ions and/or mobile ions/skeleton 

ions, is deserved for further investigation with enhanced ionic conductivity. Meanwhile, 

increasing the lattice softness, usually achieved by doping softer elements, exhibit great 

potential for reducing the migration energy barrier. Whereas, this rule is not always valid in all 

cases, which needs combine the consideration of entropy for the systems. Here comes the 

structural disorder or distortion, significantly influencing the ionic conductivity. Paddle wheel 

effect of polyanions, as a particular phenomenon discovered in some specific materials, can 

lead to an extremely disorder in the material, assisting the performance of solid electrolytes. In 

addition, the establishment and verification of novel ion migration mechanisms are also crucial, 

requiring the comprehensive understanding of ionic behavior in crystalline solid and advanced 

characterization. 



  

19 
 

Despite the outstanding progress has been achieved so far, challenges and opportunities 

remain as follows: 

(1) The optimal crystalline structure for ion migration need to be identified. For various 

active ions, they have diverse feature and require different crystalline structure. Though a large 

number of models have been proposed to describe the migration of mobile ions in crystalline 

structure, the consequence still shows a departure from the experimental situation. How can we 

predict the structure of ideal ionic conductors? The universal and detailed model is required to 

establish connections between ion characters and movement. The first principles calculations 

can be used. 

(2) Defects, as the auxiliaries for ion hopping, are vital in solid electrolytes. The type, 

location and concentration extremely effect the migration of ions. Finding the regularity and 

interaction both theoretically and experimentally between defects and mobile ions are crucial 

for designed and directional enhancement of ionic conductors.  

(3) Concerted migration with other forms of two different types of mobile ions and/or mobile 

ions/skeleton ions possesses huge potential for investigation. As reported, concerted migration 

mechanism exhibits extraordinary improvement of ionic conductivity by 3-5 orders of 

magnitude. Exploiting materials with concerted migration can greatly expand the available 

ionic conductors. 

(4) A apropos model and descriptor for measuring the correlation of lattice dynamic and ion 

migration requires proposed. As increasing attentions are paid to the interested impact of 

phonons interaction on ionic conductivity, we will identify the specific phonons and lattice 

vibration decided ion migration once a thorough understanding is affirmed, making it possible 

to select and design specific skeleton frameworks for rapid ion transport. 

(5) The entropy of the material has proved to be crucial for ionic conductivity. We believed 

that searching anti-Meyer-Neldel rule materials with highly distorted structure will be a field 
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of great potential. Recently, many researches are focused on the extraordinary performance of 

ionic conductors with the deepgoing comprehending about the reasons for Meyer-Neldel rule 

lacked. It is essential for the exploitation of novel materials for potential solid electrolytes. 

(6) Lots of hindrance for practical application need to be emphasized. Gaining an excellent 

ionic conductor with high enough ionic conductivity is the first step for achieving solid state 

battery systems with high safety. The physical and mechanical character determines the 

manufacturing environment for battery assembly, while the interfaces of anode/electrolyte and 

cathode/electrolyte is a tough problem as well. For application, more parameters need to be 

optimized, such as energy density, power density and cycle life.[114-116]  

In this review, we summarise the ion hopping process of ionic conductors and the strategies 

for enhancing ionic conductivity, hoping to probe a general approach for accelerating migration 

of various ions. We expect this review to guidance the ion migration of the lattice and induce 

some innovative ideas for designing a novel type of solid electrolytes. 
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Figures 

 

Figure 1. The strategies to improve ionic conductivity for solid electrolytes. 

 

Figure 2. a) Schematic diagram of various point defects. b) Mobile ions (hollow circles) on a 

sublattice. Due to the Coulomb interaction, they tend to stay at some distance from each other. 

Each of them feels a Coulomb-cage potential and is expected by its neighbors to be at the 

position of its cage-effect minimum.[32] Copyright 1993, Elsevier. c) The single particle 
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potential. Superposition of the periodic lattice potential provided by the skeleton ions and of 

the cage-effect potential yields the single-particle potential actually experienced by the ion.[32] 

Copyright 1993, Elsevier. d) Development of the potential with time after a hop.[32] Copyright 

1993, Elsevier. 

 

Figure 3. a) Li-ion migration pathways in bcc/fcc/hcp-type anion lattices.[37] Copyright 2015, 

Springer Nature. b) Three-dimensional bond valence difference map isosurfaces for 

Na2Mg2TeO6.[39] Copyright 2018, American Chemical Society. c) Unit cell of KSi2P3 with large 

displacements of the K ions and K positions in the voids along [111] indicating a possible ion 

migration pathway.[40] Copyright 2021, Wiley-VCH.  

Table 1. Representative materials and structures of solid electrolytes for various active ions. 

Active Ion Materials Structure Ionic Conductivity 
(S cm-1) Ref. 

Li+ 

Li3xLa2/3-xTiO3 Perovskite 10-3 [45] 
Li3OCl Perovskite 10-3 [46] 

Li7La3Zr2O12 Garnet 10-4 ~ 10-3 [47] 
Li7P3S11 LISICON 10-3 ~ 10-2 [48] 

Li10GeP2S12 LISICON 10-2 [49] 
Li1.3Al0.3Ti1.7(PO4)3 NaSICON 10-3 [50] 

Na+ 
β-Al2O3 P63/mmc ~1 (at 300℃) [51] 

Na3Zr2Si2PO12 NaSICON 10-3 [52] 
Na3PS4 cubic, tetragonal, glass 10-4 ~ 10-3 [53] 

K+ 
K1–2xPbxGaO2 —— 10-3 (at 300℃) [54] 
K2-2xAl2-xPxO4 —— 10-3 (at 200℃) [55] 
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KSi2P3 —— 10-4 [40] 
Mg2+ MgSc2Se4 —— 10-4 [28] 
Ca2+ Ca0.5Zr2(PO4)3 NaSICON 10-5 (at 600℃) [56] 
Al3+ Al2(WO4)3 —— 10-5 (at 800℃) [57] 

 

 

Figure 4. a) Structures of Li3OCl with various defects: (ⅰ) LiCl Schottky defect, Li3-xOCl1-x, 

denoted by defect type 1,  (ⅱ) Li2O Schottky defect, Li3-2xO1-xCl, denoted by defect type 2, (ⅲ) 

O-Cl substitution, Li3+xO1+xCl1-x, denoted by defect type 3.[59] Copyright 2021, Elsevier. b) 

Arrhenius plot of the Nernst–Einstein conductivity multiplied by the temperature for defective 

Li3OCl samples with uniform distributions of defects.[59] Copyright 2021, Elsevier. c) Refined 

crystal structure on the ab plane at z=0 of Ba7Nb3.9Mo1.1O20.05 at 800 °C. Arrows denote the 

directions of oxide-ion O1-to-O5 migration.[60] Copyright 2021, Springer Nature. d) 

Corresponding maximum-entropy method neutron scattering length densities (MEM NSLDs) 

distribution.[60] Copyright 2021, Springer Nature. e) Supercell crystal structures of t-CaxNa3-

2xPS4.[63] Copyright 2020, Royal Society of Chemistry. f) Na ion migration pathways for t-

Ca0.25Na2.5PS4.[63] Copyright 2020, Royal Society of Chemistry. g) The crystalline structure and 

migration pathways of NaSICON.[64] Copyright 2021, Elsevier. h) Arrhenius plots of the 
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conductivity as a function of the temperature for Na3+xZr2-2xScxGex(SiO4)2(PO4).[64] Copyright 

2021, Elsevier. 

 

Figure 5. a) Schematic illustration of single-ion migration versus multi-ion concerted migration. 

For single-ion migration (upper insets), the migration energy barrier is the same as the barrier 

of the energy landscape. In contrast, the concerted migration of multiple ions (lower insets) has 

a lower energy barrier as a result of strong ion-ion interactions and unique mobile ion 

configuration in super-ionic conductors.[69] Copyright 2017, Springer Nature. b) Na+ ion 

migration channels and three Na+ sites of rhombohedral NaZr2(PO4)3 obtained from crystal 

structure analysis and BVEL method. The energy landscape of two Na+ ions concerted 

migration along the same direction (left panel) and the different directions (right panel) is shown 

in lower insets.[70] Copyright 2020, Wiley-VCH. 
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Figure 6. a) Conventional ion transport mechanism: A mobile ion (green circle) hops (green 

arrow) across barriers in the potential landscape due to the host lattice (blue circles) and 

surrounding mobile ions.[80] Copyright 2020, American Physical Society. b) Schematic for a 

mobile species and corresponding energy landscape. Increasing polarizability of the anions 

leads to longer and weaker bonds that soften the anion sublattice, which in turn affects the 

energy landscape.[76] Copyright 2021, Wiley-VCH. c) Debye frequencies in the series of 

Li6PS5X solid solutions. With increasing polarizability of the halide anion, the Debye frequency 

decreases.[83] Copyright 2017, American Chemical Society. d) Jump frequencies as obtained 

from the measured activation barriers and crystallographic jump distances against the obtained 

Debye frequencies.[83] Copyright 2017, American Chemical Society. e) Correlation between 

computed Li-phonon band center and the computed enthalpy of migration for Li-ion 

conductors.[75] Copyright 2018, The Royal Society of Chemistry 
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Figure 7. a) Schematic of the effect of lattice softening on the ion jump.[83] Copyright 2017, 

American Chemical Society. b) The influence of isoelectronic substitution of sulfur with 

selenium in Li6PS5−xSexI.[88] Copyright 2020, American Chemical Society. c) Calculated Na-S, 

Sb/W-S and Na-Na radial distribution functions (RDF) for the orthorhombic Na2.7W0.3Sb0.7S4 

(Orth) and pseudo-cubic Na2.895W0.3Sb0.7S4 (Na2.895), compared to those of the cubic phase of 

Na3SbS4 (Cub) which exhibits the exceptionally low activation energy.[91] Copyright 2021, 

Wiley-VCH. d) The recommended element choices for ABC ternary ionic conductors in the 

periodic table of element.[92] Copyright 2020, Springer Nature.  
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Figure 8. a) Schematic of the difference of Li10GeP2S12 and LiTi2(PS4)3.[101] Copyright 2019, 

Elsevier. b) Schematic of the effect of distorted structure.[102] Copyright 2021, American 

Chemical Society. c) Crystal structure of cubic Li6PS5Cl with ordered packing of Cl (Wyckoff 

4a) and S (Wyckoff 4d) and site disorder induced by S/Cl.[104] Copyright 2020, Elsevier. d) 

Neutron diffraction patterns along with Rietveld refinement and proposed average crystal 

structure of the pure phase LAHCO, with the formula of(Li0.625Al0.125H0.25)(Cl0.75O0.25).[105] 

Copyright 2021, American Chemical Society. e) Crystal structure of the cyanide argyrodite 

Li6PS5CN with orientationally disordered cyanide ions.[106] Copyright 2021, American 

Chemical Society. f) Energy profile of an interstitial magnesium ion migrating along the b-axis 

through the unit cell of Mg(BH4)2NH3 obtained by first-principles calculations.[107] Copyright 

2020, The Royal Society of Chemistry. 
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Figure 9. a) Schematic of the paddle wheel effect and the variational energy landscape.[109] 

Copyright 2020, Elsevier. b) Arrangement of the [PS4] polyanion in γ-Li3PS4 and β-Li3PS4.[109] 

Copyright 2020, Elsevier. c) The schematic plot of the influence of the polyanions on the 

trigonal bottleneck that the Na+ hop through; the red solid circles indicate the S atoms shared 

by the [PS4] tetrahedron and [NaS6] octahedron.[111] Copyright 2019, American Chemical 

Society. d) The area of the trigonal bottleneck for Na+ transport in both [Na11Sn2]PS12 and 

[Na11Sn2]SbS12; widening of the bottleneck size is evidenced when the shared S atom rotates in 

[Na11Sn2]PS12.[111] Copyright 2019, American Chemical Society. 
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Table 2. Typical applications of various strategies and the enhanced performance. 

*) Theoretical data, RT) Room temperature 
 

 

Strategy Material Active 
ion 

Specific 
measure 

enhanced ionic 
conductivity 

(S cm-1) 

reduced activation 
energy 
(eV) 

 

Ref. 

Defect 
Regulation 

Li6.5Ga0.2La2.9Sr0.1Zr2O12 Li+ Ga, Sr co-
doping 3.03×10−5 → 5.50×10−4 0.31 112 

Na3.125Zr1.75Sc0.125Ge0.125Si2
PO12 Na+ Sc, Ge co-

doping 3.9×10−4 → 4.64×10−3 0.25 64 

Ba7Nb3.9Mo1.1O20.05 O2- 
introduced 
in synthesis 

process 
5.8×10−4 0.51~0.35 → 0.21 60 

c-Ca0.125Na2.75PS4 
t-Ca0.25Na2.5PS4 Na+ Ca doping not reported 0.24 → 0.17* 

0.21 → 0.19* 63 

Concerted 
Migration 

Li6.75Sb0.25Si0.75S5I Li+ Si doping 3×10−6 →1.31×10−2 0.32 → 0.17 71 

LiAlSO Li+ Theoreticall
y predicted not reported 0.05* 67 

Ba0.6La0.4F2.4 F- 
Substitution 
of La3+ for 

Ba2+ 
10-9 → 10−4 not reported 68 

LixAg1−xCrS2 Li+ adding Li 2.73×10−5 →1.96×10−2 0.47 → 0.18* 74 

Lattice 
Softness 

Li3ErI6 Li+ Substitution 
of I- for Cl- 6.5×10−4 0.37 87 

Li6PS5−xSexI Li+ 
Substitution 
of Se2- for 

S2- 
2.5×10−6 → 2.8×10−4 0.38 → 0.28* 88 

Na3PS4−xSex Na+ 
Substitution 
of Se2- for 

S2- 
10-5 → 10−4 0.38 → 0.25* 89 

Na2.895W0.3Sb0.7S4 Na+ W-doped 
Na3SbS4 2×10−4 → 2.42×10−2 0.28 → 0.09 91 

Li7Sb0.05P2.95S10.5I0.5 Li+ Sb, I co-
doping 1.4×10−3 → 2.55×10−3 not reported 93 

Structural 
Disorder or 
Distortion 

LiTi2(PS4)3 Li+ 
Highly 

distorted Li 
site 

6.1×10−3 0.277 101 

Li6PS5I. Li+ 

structural 
disorder by 

soft 
mechanical 
treatment 

1×10−6 →5×10−4 0.47 → 0.36 103 

Li6-xPS5-xCl1+x Li+ Cl/S 
disorder 2×10−6 →1.9×10−2 0.5 → 0.22 104 

Li0.625Al0.125H0.25Cl0.75O0.25 Li+ 
Li/Al/H and 

Cl/O site 
disorder 

10-7 → 10−4 0.41 105 

Li6PS5CN Li+ (-CN) 
disorder 6×10−5 0.47 106 

Mg(BH4)2NH3 Mg2+ 
highly 

flexible 
structure 

10-11 → 3.3×10−4 2 → 0.96 107 

Paddle 
Wheel 

Mechanism 
of 

Polyanions 

β-Li3PS4 Li+ 
Rotation of 

[PS4] 
tetrahedron 

3×10−7  (RT)→3×10−2 

(500K) not reported 113 

Li3.25Si0.25P0.75S4 Li+ Rotation of 
[PS4]/[SiS4] 10-7 → 1.2×10−3 0.35 → 0.30* 109 

Na11Sn2PnX12 (Pn = P, Sb; 
X = S, Se). Na+ 

Rotation of 
[PnX4]3− 

anion 
not reported 0.15~0.21* 111 
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A comprehensive discussion and the-state-of-art summary of strategies for enhancing ionic 
conductivity for inorganic solid electrolytes are provided from the basic mechanism of ion 
hopping. The elaboration of two main principles: constructing rapid diffusion pathways and 
reducing resistance of the surrounding potential field establish the scientific basic toward 
designing and searching extraordinary materials for next generation battery systems. 
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