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Abstract

In the traditional view, low reactivity, low electronic conductivity, and high ionic conductivity are necessary for
designing advanced solid-state electrolytes. However, this concept limits the range of materials selection and the
optimization direction. Recent studies have shown the great potential of electrochemically active materials with
mixed conductivity in solid-state electrolytes, exhibiting great ion transport capacity and interface performance.
Therefore, it is urgent to re-examine the roles of reactivity and relationships between ionic and electronic
conductivity in electrolytes. This perspective aims to clarify the ion-electron transport behavior and decoupling
strategies of mixed conductive materials, discuss their contributions to ion transport and interface optimization in
solid-state electrolytes, and finally propose innovative directions for designing next-generation solid-state lithium
metal batteries.

Keywords: Electrochemically active materials, mixed ion-electron conductors, decoupling strategies, solid-state
electrolytes, solid-state lithium metal batteries
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INTRODUCTION

Solid-state lithium metal batteries (SSLMBs) have great potential to achieve low-cost, high-energy-density,
long-life and high-safety power/energy storage systems'”. However, there are bottlenecks at solid-state
electrolytes (SSEs) and electrode-electrolyte interfaces™. The advanced inorganic solid-state electrolytes
(ISEs, such as oxides, sulfides, halides, etc.)"” have comparable ionic conductivity to liquid electrolytes. But
the stable interface performance needs additional processing (high external pressure, electrode-electrolyte
integration, co-sintering, interface/interphase layer, etc.)!"®. Polymer solid-state electrolytes (PSEs) have
advantages in interface contact'”. However, most modifications rely on environmentally unfriendly fluorine
element". Although many fluorine-free electrolytes have been explored, the comprehensive performance is
unsatisfactory"'.

To achieve industrialization of SSEs, it is urgent to break through conventional systems and design
principles (low electronic conductivity, low reactivity, etc.). Electrode materials, called electrochemically
active materials (EAMs), have been excluded for their mixed ion-electron conductivity and electrochemical
activity (oxidation/reduction reaction with lithium-ions at specific potential)"'?. The coexistence of
electronic conductivity and electrochemical activity of SSEs is recognized to cause rapid failure in SSLMBs.
However, recently reported EAM-based SSEs greatly challenge this concept'**?.

To reconcile this contradiction, it is necessary to re-examine EAMs. This perspective focuses on the
following critical issues: how to understand and decouple ion-electron transport of EAMs? How do ions
conduct in polymer-in-EAM systems without causing a short circuit? How do electrode-electrolyte
interfaces of EAMs stabilize? This perspective aims to provide insights for utilizing low-cost EAMs as next-
generation SSEs and accelerate the application of SSLMBs.

ION-ELECTRON TRANSPORT PROPERTIES AND DECOUPLING STRATEGIES OF
ELECTROCHEMICALLY ACTIVE MATERIALS

EAMs are commonly categorized into layered (LiCoO,, LiMnO,, LiNi, . ,Co.Mn,0,, etc.), olivine [LiFePO,
(LFP), LiCoPOQ,, efc.] and spinel type [LiMn,O,, Li,Ti,O,, (LTO), etc.] [Figure 1A]"". Layered EAMs rely on
interlayer diffusion through two-dimensional channels, whereas olivine and spinel rely on polyhedral
vacancies for multidimensional vacancy/gap diffusion!"”. As electrodes, this intercalation reaction is
inevitably accompanied by electronic gain/loss at oxidation/reduction sites and phase transition/solid
solution reactions. The Bulter-Volmer equation is commonly used to describe the electrochemical reaction
kinetics of electrodes, ignoring the complexity of coupled ion-electron transfer (CIET). Recently reported
CIET models indicate the synergistic effect of electron transfer (ET) and ion transfer (IT) on the CIET
transition state. Based on relevant parameters (Fermi distribution, electron transmission frequency,
reaction free-energy barrier, exposed available site concentrations, lithium vacancy fraction, efc.), the excess
chemical potential between oxidized and reduced states of lithium ions and their atomic environment can
be changed, thereby limiting electrochemical reactions and exhibiting ion conductivity"**”. Additionally,
pure ionic conductors have a lower requirement for lithium vacancies compared to electrodes with
reversible storage [Figure 1B].

Although commercial electrodes have demonstrated sufficient ion conductivity, their electronic
conductivity is overestimated due to conductive coatings. In fact, some EAMs have satisfied the low
electronic conductivity requirement for electrolytes (< 10® S-cm™)"". Even if higher than this value, as long
as their ionic conductivity is at least three orders of magnitude greater than the electronic conductivity, they
mainly function as ionic conductors [Figure 1C].
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Figure 1. Basic introduction of EAMs. (A) Various crystal configurations of common EAMSs; (B) Differences between coupling ion-
electron and ion transport; (C) Differences in ion-electron transport behavior of EAMs when used as electrodes and electrolytes; (D)
Feasible strategies for decoupling ion and electron conductivity in EAMs. EAMs: Electrochemically active materials; NCM: lithium nickel
cobalt manganese oxide.

In addition, the electron conductivity of EAMs can affect the interfacial potential and electric double layer
(EDL)™. The internal potential of SSEs presents a gradient distribution, accompanied by the potential drop
at the interface. To avoid electrochemical reactions, it is essential to suppress the reactivity or ensure that
the reaction window does not overlap with the actual potential.
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To mitigate the electronic conductivity and reactivity, this perspective proposes some strategies for
decoupling ion-electron transport [Figure 1D]:

(1) Composite system. The transmission frequency of electrons and the concentration of exposed available
sites can influence the rate constant of CIET. Insulating polymers can reduce the contact with electrons and
sites. Li,osNa, ,sFePO, (LNFP) with 50 wt.% polyvinylidene fluoride (PVDF) has low electronic conductivity
(< 107 S-cm™), avoiding the redox behavior and widening the electrochemical stability window (ESW) to
5.1 V. Some principles are provided for designing composite systems: polymers should avoid forming
intercalation structures with EAMs for the influence of different interlayer spacings and band structures on
reaction activity”. For EAMs, the potential and content must be considered to restrict reactivity.

(2) Multilayer structure. This method directly avoids CIET. The insulating interlayers directly cut off the
electronic pathway, and the EAM layer exhibits superior mechanical strength. For example, applying
interlayers to LiMn,O, membranes can reduce the electronic conductivity from 10° to 10 S-cm™!".
Similarly, polymer interlayers suppress electrochemical activity of Li,VO,, LTO and LiNi, ;Co,,Mn,,O,"".

(3) Element doping. EAMs as SSEs require high ionic conductivity and low electronic conductivity, rather
than mixed conductivity as electrodes. The topology and defect structure of crystals determine this
behavior. Doping elements that widen diffusion channels and create lithium vacancies can enhance
lithium-ion migration. Electronic conductivity can be suppressed by introducing defects that capture
charge carriers. For example, Na-doped LNFP can maintain the original topology and exhibit higher ion
conductivity"”. Additionally, introducing elements with stable valence states (Mg*', Al*', etc.) can suppress
the formation of mixed valence states (Fe**/Fe*, Ti**/Ti*, etc.) and reduce electronic conductivity™'.

ION CONDUCTION BEHAVIOR OF ELECTROCHEMICALLY ACTIVE MATERIALS IN
COMPOSITE SYSTEMS

Conventional understanding suggests that the content of mixed ion-electron conductors in composite
systems must be kept within the percolation threshold (10-50 wt.%) to avoid forming electronic pathways.
However, the proportion of EAMs can reach 50-80 wt.%. In these systems, EAMs dominate the ion
conduction. Polymers can form insulating layers around EAMs. Although the single layer may not satisfy
the minimum thickness for electron shutdown, multilayers can progressively reduce this possibility,
blocking long-distance electron transmission [Figure 2A].

Additionally, the contribution of polymers to ion transport is low, even at reduced crystallinity. However, at
the polymer-EAM interface, the applied electric field induces polarization of the EAMs, causing electrons
and holes to migrate in opposite directions®*”. This property accelerates the dissociation of lithium salts
and the transport of lithium ions at the interface. Certain EAMs also exhibit high adsorption energy for
lithium ions, further improving the interfacial carrier concentration.

INTERFACE REACTION MECHANISM AND ADVANTAGES BETWEEN ELECTROCHEMICALLY
ACTIVE MATERIALS AND ELECTRODES

The electronic conductivity of EAMs can be effectively suppressed by decoupling strategies. However, the
actual surface potential of SSEs varies at the electrode-electrolyte interface during the formation of the EDL
and the charging/discharging processes® .. To prevent electrochemical reactions, the reaction potential
should be separated from the dynamic surface potential at the cathode or anode, or it must be insulated
within SSEs at the reaction potential, which imposes strict requirements on insulation design [Figure 2B].
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Figure 2. Schematic diagram of EAM-based SSEs. (A) lon-electron transport behavior. In case the single insulating polymer layer may
leak some electrons, the continuous multilayers ensure the complete insulation of whole SSEs; (B) Insulation design of EAM-based SSEs
in the condition of dynamic potential distribution. The interface superiorities: (C) lon concentration redistributor; (D) Lithiophilic sites;
(E) Mixed conductive interface. EAM: Electrochemically active material; EAMs: electrochemically active materials; SSEs: solid-state
electrolytes; LTO: LisTisOx.

Some EAMs also show reactivity with lithium metal. The electrochemical reaction potential of LTO
(~1.5 V) falls outside the charging/discharging voltage of medium-to-high-voltage lithium metal batteries
(> 2.5 V). This means that electrochemical reactions would not happen at the cathode side surface.
However, the lithiation at the anode can induce the mixed Ti*'/Ti** valence state and lead to high electronic
conductivity”. With insufficient insulation, this high electronic conductivity would promote further
lithiation and diffusion into the inner layer, ultimately causing a short circuit.

Nevertheless, in composite systems, polymers impede ET, and the lithiation kinetics deteriorate within the
interior of SSEs. The lithiation also decreases reactive lithium vacancies and the surficial potential,
achieving dynamic equilibrium with lithium metal. This self-limiting reaction offers many advantages in
regulating the electrode-electrolyte interface [Figure 2C-E]:

(1) Ion concentration redistribution. EAMs can form a gradient lithiation layer on the lithium metal
surface, with a higher lithiation degree near the electrode that decreases toward the interior. This gradient
layer increases the lithium-ion concentration at the electrode surface, preventing ion depletion.
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(2) Lithiophilic sites. EAMs typically exhibit a high adsorption energy with lithium ions. This affinity can
reduce the energy barriers of lithium nucleation and deposition, inducing uniform lithium deposition.

(3) Mixed conductive interface. Most lithiated EAMs have high electronic conductivity, enabling the
formation of a mixed conductive interface. This field can alleviate the polarization and eliminate lithium

[13,24]

dendrites through reaction

APPLICATION PROSPECTS AND CHALLENGES OF ELECTROCHEMICALLY ACTIVE
MATERIALS IN SOLID-STATE ELECTROLYTES

Widely studied ISEs face challenges in mass production. Sulfides exhibit high ionic conductivity and good
ductility, but have poor air stability, high cost due to critical raw materials such as Li,S, and require high
operating pressure. Oxides are air-stable but have poor interfacial contact and are prone to dendrite
formation at crystal boundaries or voids. Halides offer controllable costs, though their chemical stability
requires further optimization. In comparison, mass-produced EAMs (LFP, LTO, etc.) have significant
advantages in terms of preparation and cost. Low-pressure operation of electrodes shows promise for
addressing interfacial challenges in ISEs. In addition, electrolyte membranes of air-stable EAMs can be
directly fabricated using existing battery production lines, enabling roll-to-roll assembly.

Even with some successful cases [Supplementary Table 1], EAM-based SSEs face many challenges:

(1) Ion conduction. The ionic conductivity of EAMs (10°-10" S-cm™) lags behind that of advanced SSEs
(107-107 S-:cm™). Through structural optimization and design - such as element doping, surface coating,
morphology control, and ultra-thin SSEs - ion transport can be enhanced.

(2) Electrode-electrolyte interface. Although EAM-based SSEs exhibit superior interfaces compared to other
ISEs, the impact of polymers on reactivity and ion conductivity must be balanced. Using ion-conductive
polymers instead of conventional binders is a promising approach.

(3) Decoupling method of ion-electron conduction. Surface coating is also promising for suppressing
electronic conductivity. However, all strategies require support from more advanced theories and detection
methods to observe dynamic potential distribution in situ and quantify interfacial reactions.

In summary, EAM-based SSEs offer advantages in low cost and industrial compatibility. The primary
priorities are to enhance ionic conductivity and balance surface electronic conductivity and reactivity. With
appropriate modifications, they are expected to become critical components of next-generation SSLMBs.
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