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Abstract. Polymers have played a vital role in developing next-generation energy storage devices. In the
progress of lithium-ion batteries (LIBs), polymers have been widely used in the preparation of electrolytes and
electrode binders, in both cases, due to their unique intrinsic properties, such as high thermal, mechanical, and
electrochemical resistance. However, the main limitation of this type of material is its poor ionic conductivity
at room temperature, which depends on its structural properties and preparation techniques. In this review, the
fundamental properties and ion transport mechanisms characteristic of different types of ion-conducting
polymers, such as solvent-free polymer electrolytes (SPE), gel polymer electrolytes (GPE), and composite
polymer electrolytes (CPE), are reported. A current overview of lithium-ion-based battery systems, which can
be improved using ion-conducting polymers, is also presented.
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Resumen. Los polimeros han tomado un papel fundamental en el desarrollo de dispositivos de almacenamiento
de energia de ultima generacion. En el perfeccionamiento de baterias de ion litio LIBs, los polimeros han sido
utilizados ampliamente en preparacion de electrolitos y aglomerantes para electrodos, en ambos casos debido a
sus propiedades intrinsecas especiales como alta resistencia térmica, mecéanica y electroquimica. Sin embargo,
la principal limitante de este tipo de materiales es su pobre de conductividad i6nica a temperatura ambiente, la
cual depende de sus propiedades estructurales y técnicas de preparacion. En esta revision son presentadas las
propiedades fundamentales y mecanismos de transporte idnico caracteristicos de los diferentes tipos de
polimeros conductores de iones, como los electrolitos poliméricos sin disolventes (SPE), electrolitos
poliméricos en gel (GPE) y electrolitos poliméricos compuestos (CPE). También se presenta un panorama
actual de los sistemas de baterias basadas en iones litio, que pueden ser mejoradas de mediante el uso de
polimeros conductores de iones.

Palabras clave: Ion litio, baterias de ion litio, electrolitos poliméricos, transporte idnico, electrolito sélido.
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Introduction

Since the commercialization of the first generation of lithium-ion batteries (LIBs) in the early 1990s,
this type of technology has proven to be one of the most convenient technologies for efficient energy storage
and utilization. [1] For this reason, LIBs are considered the most critical milestone in the development of
electrochemical energy storage technologies, and their versatility for use in portable devices, electric vehicles,
and intelligent grid energy storage systems has led to increased market demand. [2] In most practical
applications, high energy density, power density, efficiency in charging and discharging processes, and lifetime
and safety of the devices during operation are of great importance and interest. [3] The ability of LIBs to cover
such functions is determined by the rate of charging and discharging processes (determined by the reaction
progress, kinetic control) and the charge storage capacity (identified as the end of the reaction, thermodynamic
control). These processes are determined explicitly by the efficiency of the reversible and simultaneous
reduction-oxidation processes, generating oxidation at the anode and reduction at the cathode during the
discharge process. For example, the charging and discharging process of a LIB, composed of commercial
LiFePO, (LFP) and graphite (C) electrodes, where the reactions associated with these are as follows:

Oxidation reaction at the anode:

LiCe(s) Lijsoy +6C(s) + e~
Reduction reaction in the cathode:
FeP0,(s) + Lif;,,) + e"LiFeP0,

Global reaction:

LiCs(s) + FePO,(s) LiFePO, + 6C(s)

The performance of LIBs, on the other hand, is determined by three main factors: energy density,
output power density, and safety during operation. [4] The first factor, energy density, refers to the amount of
energy stored per unit gram of the active materials for lithium-ion storage in the electrodes. The main strategy
to achieve LIBs with high energy density has been the exploration of new active materials for advanced cathodes
with high specific capacity and high operating voltages (~5 V vs. Li%Li"), [5] some cathode materials such as
LiCuMnyOs4 (4.9 V vs. Li%Li"), [6] LiNigsMn; 504 (4.7 V vs. Li%Li"), [7] LiNixCo1xPO4 (4.8-5.1 V vs.
Li%Li"), [8] LixCoPO4F (5.1 V vs. Li%Li%), [9] and Li2CuO, (4.5 V vs. Li%Li*"), [10] which have shown good
performance, keeping their structures stable during lithium ion intercalation and deintercalation processes in
cycling tests.

The second factor, power density, refers to the power per volume density, which involves the rate of
Li* transference through the electrolyte during the charging and discharging processes of a cell, where
secondary interfacial reactions generally take place and affect its operation, which attributed to kinetic and
electrochemical stability issues, influenced by the potential drop across the interfaces, where a high proportion
of the total cell resistance resides. Therefore, the cell output voltage (4E,)) is determined by the compatibility
of all the system components, including the anode, electrolyte, and cathode, as shown in Equation 1.

AEcel = AE° — [(nct)c + (nct)a] - [(nc)c + (nc)a] - iRi Eq- 1

where AE” is the difference of standard Red-Ox potentials of the active electrode materials (nc t) and (nC t)
Cc a
are the overpotentials associated with the charge transfer process at the cathode and anode, respectively; (nc)c
and (nc) are the overpotentials generated by ionic concentration at the surface of the cathode and anode
a

electrodes, respectively; i is associated with the cell operating current density, while R; represents the total cell
resistance described by Equation 2.
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iRl' = lRa + iRSEIa + iRElect + iRSEIC + lRC Eq 2

where R, and R, represent the resistance to current flow at the anode and cathode, respectively. Rgg;, and
Rgpic represent the resistance to current flow at the solid electrolyte interphase (SEI) generated by the
degradation of the electrolyte through oxidation and reduction reactions at the anode and cathode surface,
respectively, and R ¢ represents the resistance to current flow in the electrolyte.

Therefore, electrolyte formulations with application in LIBs must be (i) thermodynamically stable or
(i1) kinetically stabilized in contact with the battery components and reaction products formed during cycling,'!
including the electrodes, as mentioned above. In addition to enhanced thermal and chemical stability, the
following merits for which those of liquid electrolytes based on the LiPFg salt are known: (i) the ability to form
a suitable SEI solid electrolyte interface layer on electrodes, especially on carbonaceous anodes for proper
operation of LIBs, (ii) the ability to passivate the anodic dissolution of the aluminum (Al) current collector, (iii)
a wide electrochemical stability window, (iv) acceptable solubility and (v) high ionic conductivity in different
non-aqueous solvent systems. [12-14]

On the other hand, although many of the problems initially present in electrolytes for LIBs have been
overcome, some of these have persisted and should be considered for developing specific electrolytes for new
batteries with advanced chemistries. In addition to presenting themselves as viable alternatives for high-
performance energy storage, they open up a new range of particular problems that can be addressed from
polymer science and engineering. This review addresses the fundamental aspects of ionic conducting polymers
with application to LIBs and the core concepts in designing electrolytes employed in lithium batteries with
advanced chemistries.

Electrochemical characteristics of electrolytes for LIBs

From the electrochemical point of view, electrolytes for lithium-ion batteries must possess two main
characteristics, high ionic conductivity values, electrochemical stability, and a desirable high lithium transfer
number. Generally, each of these characteristics can be determined experimentally by independent
electrochemical techniques. However, the different electrolyte systems' kinetic and ionic transport phenomena
directly correlate. The clearest example is the relationship between the total ionic conductivity and the lithium
transference number in single-ion conducting polymer electrolytes. In addition, the effect of the formation of
anionic concentration gradients during the polarization of the electrolytes and the limitations that ionic diffusion
has on their electrochemical stability. Without neglecting the correlations, the following section reviews the
general electrochemical characteristics of electrolytes for LIBs.

Ionic conductivity

Ionic conductivity continues to be one of the most significant challenges in developing electrolytes for
LIBs, regardless of whether they are liquids, polymerics, ceramics, gels, or hybrids. In all cases, ionic conductivity
is directly proportional to the concentration of charged species, according to the following equation.

Eq. 3
0=Zniql'ui 4

where (g;) is the ionic charge, (u;) is the mobility of each charge carrier and (n;) is the number of free-charged
species dissolved or groups mobile charged.
In an electrolytic medium, the concentration of charged species depends on the dielectric constant of the liquid
or polymeric solvents. This parameter correlated with their ability to dissociate salts. In general, it is desirable
to have solvents with a high dielectric constant that allow dissociating high concentrations of salts to increase
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the concentration of free-charged species. However, the ionic bond energies of lithium salts are a consequence
of their limited solubility in the non-aqueous solvents typically used in the preparation of electrolytes for LIBs,
especially when these are non-polar such as glymes or polymeric matrices. While for many liquid electrolytes,
it has been considered that maintaining concentrations lower than 1M of lithium salt will prevent the formation
of ionic pairs (salt clusters) that affect the free mobility of charged species, precipitation of lithium salts, and
decrease of ionic conductivity, as shown in Fig. 1.
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Fig. 1. Effect of lithium salt concentration on ionic conductivity.

On the other hand, polymeric matrices present a relatively low dielectric constant, which strongly affects
their ability to dissociate lithium salts and the mobility of ions through them. Generally, ionic transport will be favored
by increasing temperature. However, it should be considered that the ionic transport mechanism in liquid electrolytes,
where solvated ions are transported through the electrolyte medium, does not change with temperature. In contrast,
the ion transport mechanisms in amorphous and crystalline polymer electrolytes, where the ionic transport mechanism
can change from ion transport promoted by chain movement (low activation energy) to ion transport by ion hopping
between different active sites of the polymer matrix (high activation energy), respectively. These ion transport
mechanisms in polymer electrolytes controlling by the mobility of the polymer chains, typically characterized by the
glass transition temperature (T;) parameter, which high correlated with the mobility of the polymeric matrix chains,
Fig. 2 shows the typical ion conduction mechanisms in polymeric matrices.
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Fig. 2. Typical mechanisms of Li* conduction in classical polymer electrolytes.
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Although this review does not deal in detail with ceramic electrolytes as pure compounds, as active or
inactive fillers in polymeric matrices, it is necessary to mention that the mechanisms of ionic transport through
them will be by diffusion of Li" by direct interstitial jump, interstitial knock-off, and direct jump of vacancies
(active sites in the crystal lattice), whose activation energy for the ionic conduction process will be relatively
low inside the grains, but not at their boundaries. Up to this point, the possible description of mechanisms of
ionic transport in liquid electrolytes, polymeric and ceramic solids and the possible combinations of these as
gel-type electrolytes (polymer/liquid) and hybrid electrolytes (polymer/ceramic) will give rise to combined
mechanisms of ionic transport.

Electrochemical impedance spectroscopy (EIS) measurements can quickly obtain the ionic
conductivity of electrolytes. Usually, the electrolyte is placed between two blocking and inert stainless-steel
electrodes to maximize the resistance to charge transfer. However, intimate contact between the electrodes and
the electrolyte is essential to avoid contact problems that may affect the determination of the apparent resistance

(Rp) from which the ionic conductivity (0) is calculated (taking into account the contact area (4) and the
thickness (1) of the electrolyte). To perform ionic conductivity measurements at different temperatures, in
addition to guaranteeing intimate contact between the electrodes and the electrolyte, they must also be obtained
by using a reliable thermal stabilization protocol that allows erasing the thermal history of the heating/cooling
processes.

Chemical and electrochemical stability

All electrolytes, including ceramics, are thermodynamically unstable upon contact with electrodes,
especially lithium metal. However, they are often kinetically stabilized, resulting in expansive electrochemical
stability windows. To suppress the decomposition of electrolyte components and side reactions at electrode-
electrolyte interfaces, the electrochemical stability window of the electrolyte (V,.) must be within the chemical
potential difference generated between the anode (i) and cathode (u) (Fig. 3). [15] Therefore, the working
potential of the electrodes in a LIB is limited by the electrochemical stability window of the electrolyte (E)
(Fig. 3(a)), which is determined by the energy difference from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO); otherwise. the electrolyte can be oxidized at the anode or
reduced at the cathode forming a solid electrolyte interface (SEI) on the surface of the electrodes (Fig. 3(b)).
[16] For these reasons, the electrochemical stability of electrolytes has become one of the limiting factors for
the use of high-voltage cathode materials in the development of advanced LIBs, which must also seek to tune
the advantages offered by each of the materials that make up the anodes, cathodes, and electrolytes. [13, 17-20]
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Fig. 3. The simplified three-component energy diagram. (a) Ideal electrolyte, (b) SEI formation on the electrode
surface at working potentials above E.
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Three strategies have been implemented in liquid electrolytes to increase their electrochemical stability
window. The first one is the use of additives such as lithium salts as lithium bis(oxalate)borate (LiBOB) that
allows modulating and controlling the growth of the SEI layer, [21-23] as well as its reactivity with other
components of the electrolytes, different types of additives such as vinyl carbonate can polymerize on the
electrode surface giving rise to flexible SEI layers, [24] through which a kinetic and thermodynamic equilibrium
established between the electrode-electrolyte interfaces, in addition to promoting the selective transport of ions
from the electrolyte to the electrodes and vice versa. The second strategy consists of the use of cosolvents with
a wider electrochemical stability window such as FEC, [11,25,26] which, despite its low boiling temperature,
presents electrochemical stability up to 4.7 V vs. Li*/Li° and improvements in ionic conductivity values, or the
use of new solvents such as sulfones whose electrochemical stability values exceed 5.2 V vs. Li*/Li’, being the
high melting temperature of these solvents their main limitation in practical applications. The third strategy is
the use of highly concentrated electrolytes, [27,28] concentrations higher than 3 M of lithium salts in organic
carbonates or lithium salts dissolved in ionic liquids, capable of maintaining the ion concentration constant
during the charging/discharging periods of the LIBs, avoiding overpotentials due to ionic concentration
gradients,!! which results in a decrease in the reactivity of the species that make up the electrolytes and a
substantial increase in their thermal and electrochemical stability. [11]

On the other hand, both polymeric and ceramic electrolytes present intrinsic characteristics of thermal
and electrochemical stability superior to liquid electrolytes. In general, all electrolytes show ion concentration
gradients, especially during the charging processes of LIBs. Therefore, linear sweep voltammetry (LSV)
determines electrolytes' electrochemical stability. M. Doll¢ et al., [29] reviewed the methods and characteristics
of the measurements to be considered for evaluating electrolytes' electrochemical stability window. An
asymmetric cell usually has a metallic lithium metal electrode and a blocking electrode of stainless steel or
nickel. However, we could obtain a more realistic view of the electrochemical stability of electrolytes by using
carbon electrodes with high surface area, [30] similar to that used in preparing standard composite electrodes
for LIBs. [31] Generally, it possibly increases electrolytes' anodic and cathodic electrochemical stability. It may
have different explanations, such as (i) the increase of oxidative stability of the electrolyte at higher potentials,
[32,33] (ii) the shift to higher potentials of the anionic decomposition of lithium salts, [30,34] the decomposition
of lithium salt anions due to their immobilization on the electrode surface by Lewis acid-base interactions, [35]
(iii) ion-ion, ion-dipole and dipole-dipole interactions of the electrolyte components. [34] Mainly in the case of
gel-type or hybrid polymer electrolytes with either active or inactive inorganic fillers. To alter the latter's
transition energy level and raises its oxidative decomposition potential and (iv) interactions of the inorganic
electrolyte with both the polymer (cross-linking sites for the EO segments) and the lithium salt anion shifting
its decomposition to more anodic potentials. [36,37] However, it is necessary to consider that the
electrochemical stability of the electrolytes could be modified against composite electrodes for LIBs since
transition metal oxides can catalyze the oxidative decomposition of the electrolyte. [38,39]

Lithium transference number

The lithium transference number (T, ) is the cation-to-anion movement ratio in a single salt electrolyte.
Defined by the number of moles of lithium transferred per migration. It is often confused with the lithium
transport number (t, ), defined by the fraction of current carried by a specific species. This confusion by the
equality of these values by considering dilute electrolytes or concentrations to ensure the absence of ionic
associations or clusters of undissolved salts. [40,41] Thus, a high Li* transference number means that the
conductivity is mainly due to Li* mobility. Since, in LIBs, Li" is the ion involved in the redox processes at the
electrodes, the concentration gradients in the electrolyte promoted by the total current intensity in the cell will
be given by the migration of anions in the opposite direction to the Li* flow, whose contribution to the
polarization of the system can be reflected through a significant increase to the internal resistance of the cell.
[42] For ideal electrolytes, T, = 1, meaning that the anion is immobilized, and no such anion concentration
gradients will form. Both ceramic electrolytes and single-conduction polymeric lithium-ion electrolytes are
close to meeting this ideality condition. [43] There are several experimental techniques for determining T, . That
makes no prior assumptions about the state of the analysis system; however, these techniques have other
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experimental or instrumental (NMR) drawbacks and are therefore relatively rarely applied. [44,45]
Electrochemical methods for lithium transfer number measurements, which directly relate diffusion coefficient
values to ionic conductivity values, [46] such as the use of the Nernst-Einstein equation, generate much
uncertainty since the absence of ion-ion interactions must be strictly considered. However, in most practical
cases, cluster formations of the form [Li»X]" and [LiXz] triples must be considered, in addition to the presence
of [LiX] neutral ion pairs [40,47]. The method described by Evans, Vincent, and Bruce, [48] is the most
common for determining Li" transfer numbers in all types of electrolytes, but especially in polymeric and
ceramic electrolytes. In this method, it is convenient from the experimental point of view, in which a
symmetrical Li%electrolyte/Li® cell is polarized by applying a potential difference (~10 mV) until a steady state
(constant current) is reached, and the transfer number is calculated by equation.

— ISS(AV - IORO)
" IO (AV - IssRss) Eq 4

where AV is the applied potential difference, I, is the initial current, I is the steady state current and R, and
R, are the interfacial resistances before and after polarization, respectively. However, this equation is
preferably valid in systems where ion-ion interactions and concentration gradients may be negligible; in
concentrated systems where concentration gradients due to anionic polarization, overestimates of T, may occur.

Classification of electrolytes for LIBs

Generally, we can classify electrolytes for LiBs into three groups for ambient to moderate operating
temperatures. These are (i) liquid electrolytes (LE) (lithium salt solutions in aprotic solvents or ionic liquids),
(i1) solid polymeric electrolytes (SPE) (lithium salts in polymeric matrices) and (iii) inorganic electrolytes (IE)
(lithium-ion conducting ceramics) considered as single-phase ionic conductors. [49, 50] The possible
combinations of these give rise to the formation of new families of two-phase ion-conducting electrolytes,
classified according to their compositions and ratio into gel-type polymeric electrolytes, solid hybrid
electrolytes, and quasi-solid hybrid electrolytes (Fig. 4).

Liquid
Electrolytes

Fig. 4. Classification of electrolytes for lithium-ion batteries.
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Although the composition of electrolytes for LIBs has not changed significantly in recent years, a wide
range of theoretical and experimental studies carried out that allow or attempt to describe phenomenologically
the transport of Li" in electrolytes, how interfaces formed at the electrode surface and how Li" transported
across them. In this section, we present the general characteristics of the different types of electrolytes, their
advantages, disadvantages, and some ideas that could lead to improving the electrolytes for LIBs. Table 1
summarizes its main characteristics.

Table 1. Summary of the main characteristics of electrolytes for LIBs.

Electrolyte types
Properties ; ;
Liquid Solid Ceramic Gel Hybrid
polymer polymer
Ionic conductivity good poor good good good
medium .
LTN poor 200d good medium good
Electrochemical .
stability poor good good medium good
Mechanical stability poor good poor medium medium
Interfacial contact good medium poor good medium
Thermal stability poor good good medium good
Liquid electrolytes

Ionic conductivity has been the critical parameter of electrolytes, as it quantifies the amount of Li*
available for Red-Ox reactions at electrodes. The understanding of the interactions between Li* and solvent
molecules has become a relevant topic, mainly due to the discoveries about the possible variations of solvation
spheres of Li* and how these determine the chemistry of formation of electrode-electrolyte interfaces and the
kinetics of Li* migration within the formed interfaces. Until now, the preparation of liquid electrolytes consisted
of dissolving lithium salts (Fig. 5) in aprotic organic solvents (Fig. 6). [14,51] Where suitable solvents should
simultaneously possess high dielectric permittivity (to dissolve the salt) and low viscosity (to facilitate ion
transport). Besides being inert with the rest of the cell components, they have sufficient wettability towards the
electrodes, and the separator remains liquid over a wide temperature range while maintaining interfacial
stability at both the anode and the cathode.

It is desirable to find solvents with all these properties to form liquid electrolytes with binary and
tertiary mixtures of solvents that confer properties. The most famous of these mixtures developed by the
solvents dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC), which upon
dissolving 1M of the LiPFs salt could reach the level of 5-10 mSem! at room temperature, [52] giving it an
operating temperature range of -30 to +60 °C. Optimization of this electrolyte could offer the feasibility to use
in a wide range of battery chemistries. However, it is necessary to consider that each electrode chemistry has
specific demands that can address from the point of view of varying the salt concentration, the type of anion,
and its interactions with the solvent or mixture of solvents in the electrolyte. [53] Making the task of electrolyte
optimization complicated from an experimental point of view, which will also have to be specific to each
electrode chemistry.
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Fig. 5. Representative lithium salts for preparing electrolytes for LIBs: (a) Lithium salts known before the
introduction of LIBs (b) New lithium conductive salts created for application in LIBs.

Since there is a wide range of organic carbonate solvents, carboxylates, glymes, [54-56] sulfones [57],
sulfoxides, [58] and nitriles, [59] can be used to prepare liquid electrolytes (Fig. 6). [14] However, the
understanding of the ionic transport mechanisms and special characteristics of different types of lithium salts
and solvents is relevant for the understanding and design of polymer electrolytes, since to a large extent, many
of the properties of solvents and their behavior towards different lithium salts can be extrapolated to polymeric
matrices containing functional groups with structural similarities.
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Fig. 6. Solvents for preparation of electrolytes for LIBs: (a) cyclic carbonates, (b) linear carbonates, (c) ethers,
(d) partially fluorinated carbonates, (e) sulfones, (f) dinitriles.
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Solid polymer electrolytes

The use of polymer electrolytes in LIBs presents essential advantages, such as safety during operation, ease of
synthesis, low production cost, good compatibility with lithium salts, and excellent mechanical, chemical, and
electrochemical stability. [60] Poly(ethylene oxide) (PEO) based electrolytes are considered promising candidates
for use in high energy density solid-state LIBs, [61] however, classical linear PEO does not meet the ionic
conductivity requirement needed for implementation ¢ > 10* S cm-1 at 60 °C, due to the formation of semi-
crystalline domains that limit of movement of the polymer chains especially at low temperatures. [62,63] In this
regard, different research groups have explored different approaches to increase the ionic conductivity of classical
PEO-based electrolytes: (i) physical blends of polymers such as poly(vinylidene fluoride) (PVDF), [64]
poly(acrylonitrile) (PAN), poly(vinyl alcohol) (PVA) and polylactic acid (PLA) [65] among others (Fig. 7). And
(i1) chemical synthesis of PEO derivatives such as random and block copolymers and branched and cross-linked

polymers. [61]
o

oY

PVDF PAN

ep oy

PMMA

Fig. 7. Molecular formulas of commonly used polymer matrices.

Polymeric matrices form classical solid polymer electrolytes (SPEs), generally based on poly(ethylene
oxide) (PEO)-derived structures and dissolved lithium salts (e.g., Li* X: EO; X: PFg, ClO4, TFSI,, CF5SOx)
of relatively small anions. [43,60,66,67]The coordination sites within the polymeric structure determine Li*
transport. Therefore, Li* moving accompanied by the temperature-dependent micro-Brownian motion of the
polymeric chains, which manifested from the glass transition temperature (7). [68] Whereas the ionic
conductivity in those classical SPEs visualized as the combination of cooperative ion/polymer motion with
occasional independent ion motions. [69] The anion does not significantly interact with the polymer chains, but
its motion requires a free volume between polymeric chains. A natural structural consequence of polymer
electrolytes and the ionic conduction mechanism is that anions are more mobile than cations. [69,70] This is
reflected as the dominant contribution of anions to the charge transfer process, which can be associated with
Li* coupling to Lewis-type basicity sites in the polymer matrix. [71,72] The relatively low ionic conductivity
values (between 10 and 10 S cm™) and lithium-ion transference numbers T, generally, less than 0.5, due to
the simultaneous movement of anions and cations, [66,73] and the poor interfacial properties of SPEs, remain
deterministic barriers to their application in large-scale batteries.

The increase of T, in SPE can be achieved through the immobilization of anions in the polymeric
chains, obtaining single lithium-ion conducting polymeric electrolytes capable of exhibiting lithium transfer
number values T, close to unity, making them attractive for use in LIB, [74] although their conductivities are
lower than those of dual-conducting polymer electrolytes. [72,75,76] Single lithium-ion conducting polymer
electrolytes (SLICPE) have been synthesized from precursors with anions capable of charge delocalization: i)
based on bis(sulfonyl) imide, [77,78] ii) based on perfluoro ether sulfonate, [78,79] and iii) based on sp*-
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coordinated boron atoms, [80-82] among others. [83,84] The synthesis of SLICPE based on boron atoms is
among the simplest and with the lowest cost. [85,86]

a) b)

Fig. 8. Representative structures of lithium ion-bonded conducting polymeric electrolytes (SLICPE): (a) sulfonates,
(b) sulfonimides, (¢) tetracoordinate cross-linked borates, and (d) asymmetrically tetracoordinate borates.

On the other hand, polymeric binders have a fundamental role in the control of microstructures due to
their function as an effective dispersion agent to connect the electrode species, adhering them strongly to the
current collectors and between the particles. In addition, binders are the key component for the control of
covering the active material particles; likewise, Li* solvation processes are controlled by the nature of the binder
and have a great effect on the stability of this interface. [36,87,88] This is especially true for composite
electrodes where each of the components provides specific functionality. For proper electrochemical
performance, cooperative interaction between the electrode components needs to be achieved to maximize the
contributions of ionic and electronic conductivity. Several recent reports have shown those electrode
capacitance limitations associated with fast charging and discharging processes arise from low ionic and
electronic conductivities, i.e., restrictions. On the one hand, for Li* diffusion through porous electrodes, and on
the other hand, for electronic transport from the current collector to the active material particles, through the
electronically conductive additive. [89- 91]

Ceramic (inorganic) electrolytes

Some reviews focused on the study of inorganic electrolytes that address preparation processes,
structural characteristics, and a detailed understanding of the intrinsic factors that determine their
electrochemical properties. This review gives a brief presentation of these materials to give a broader
perspective of the different types of electrolytes that can use to develop advanced LIBs. Inorganic electrolytes
are classified into soft sulfides and rigid oxides or grouped according to their structural characteristics into
crystalline, glassy, and glass-ceramic. These generally have excellent in-grain ionic conductivity values.
However, their high resistance to ionic transport at grain boundaries limits their practical usefulness as pure
components in preparing electrolytes for LIBs.
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On the other hand, vitreous and glass-ceramic materials have recently generated great interest mainly
due to their isotropic ionic conduction without grain boundary resistance and their amorphous nature, which
has encouraged their use as adequate solid-state electrolytes for LIBs. The transport of Li* in ceramics is highly
dependent on defects, classified as point, linear, planar, bulk, and electron. Generally, ion transport (ionic
diffusion) consists of random walks along an energetically static path of separate moving point defects
generated by thermodynamic equilibrium. The movement of Li" is mainly by vacancy, interstitial, and
interstitial-substitutional exchange mechanisms. These Li* transport mechanisms depend on three factors: type
of carrier, pathway, and type of diffusion.

In general, in lithium-ion conducting ceramics, the grain boundary resistance is much higher than the
intragrain resistance. The structure and composition of the grain boundaries can be very different in each type
of crystal. Conduction along grain boundaries is a limiting factor in most ceramic electrolytes, increasing the
activation energy of ion transport and reducing the overall ionic conductivity. Some authors have attributed ion
transport limitations at grain boundaries to Li* depletion in the surface layer, generated by structural and
chemical modification, significantly different from that present in the grain interior, which disfavor
energetically favorable Li* storage and transport conditions. Although compared to liquid electrolytes,
inorganic solid electrolytes (ISE) suffer from ionic conductivity, some NASICON-like materials (e.g.,
Li; 3Alo3Ti1.7(PO4)3), [92,93] perovskites (e.g., Lags7Lio29Ti03), [94-96] garnet (e.g., LisLa3Zr,012), [97,98]
and sulfidic electrolytes (e.g., Li7P3S1) [99,100] have achieved desirable values of ionic conductivity at room
temperature, as well as exhibiting chemical stability at atmospheric conditions and electrochemical stability at
high oxidation voltages. However, most are unstable upon contact with lithium metal and highly fragile. Mainly,
sulfidic ceramic electrolytes exhibit the highest ionic conductivities but, at the same time, sensitivity to air and
moisture. [100-103] Garnet-type ceramics are stable in contact with lithium-metal but react with water to form
decomposition products that deposit at their interface. [97,98] Perovskites possess high mechanical strength
and resistance to high oxidation potentials but are unstable in contact with lithium metal and have poor ionic
conductivity at grain boundaries. [92,96]

After this brief review of the characteristics of the different single-phase Li* conducting electrolyte
systems defined. It is possible to state that single-phase electrolyte materials alone lack one or some of the
desirable attributes in electrolytes, judged by the limited electrochemical stability of liquid electrolytes, poor
conductivity of polymer electrolytes, and poor chemical and mechanical stability of ceramic electrolytes. They
are limited in electrochemical performance and processability. The Li* conducting two-phase electrolytes,
which are constituted by the combinations of polymer-liquid, polymer-ceramic, and ceramic-liquid electrolytes,
give rise to the so-called gel-type polymer, hybrid solid polymer, and hybrid quasi-solid electrolytes, [104]
respectively. The wide range of electrolyte materials that can be selected for the preparation of such ion-
conducting two-phase electrolytes opens the prospect for their possible application in different types of battery
systems such as the so-called lithium-ion batteries of advanced chemistries like lithium-metal, lithium-sulfur,
and lithium-oxygen. A brief review of the main characteristics of these lithium-ion conductive two-phase
electrolytes is presented below.

Gel polymer electrolytes

Gel-type polymer electrolytes (GPE) have the advantage of combining the good ionic conductivity and
wettability properties of liquid electrolytes (although there are safety issues such as leakage, flammability, and
electrochemical stability) with the good mechanical properties of solid polymer electrolytes. Thus, GPEs have
attracted great interest as electrolytes in high-performance LIBs. However, the interfacial properties between
electrodes and electrolytes must be taken into account when replacing the liquid electrolyte with GPE.
Therefore, developing an electrolyte that simultaneously has high ionic conductivity, interfacial properties,
good mechanical properties, and thermal and electrochemical stability remains a challenge.[105,106]

In general, GPEs are composed of polymeric matrices, liquid solvents such as plasticizers, lithium
salts, and additives such as inorganic fillers. Where, commonly the polymeric matrices that provide mechanical
strength are composed of the polymers PEO, PAN, PVDF, poly(vinylidene-co-hexafluoropropylene fluoride)
(PVDF-HFP), and poly(methyl methacrylate) (PMMA). Plasticizers are solvents such as carbonates (propylene
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carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), ethers
(tetraethylene glycol dimethyl ether (TEGDME), 1,2-dioxolane (DOL), dimethoxymethane (DME) and ionic
liquids. Dissolved lithium salts and mixed lithium single-conducting polymers are the sources of Li*
preferentially transported by liquid plasticizers. One of the advantages of GPEs over electrochemically inert
SPE is that they can react with the electrode surface thanks to plasticizers that form stable, easily modulated
SEI layers similar to those obtained when using liquid electrolytes. On the other hand, plasticizers decrease the
resistance to ionic transport and result in poor thermal stability and associated safety risks, such as fires and
explosions during thermal runaways. Therefore, it is necessary to perform a GPE optimization process to
achieve better overall performance in each type of LIBs with advanced chemistries. Starting with the correct
selection of the components, depending on the characteristics of the electrode components and the required
operating conditions. Followed by the optimization of the ratio of the components according to their
electrochemical performance without neglecting the mechanical and thermal properties of the GPEs. [106]

There are different methods of preparation for GPE. [107] The most popular consists of dissolving a
polymeric matrix in organic solvents of low boiling point, then plasticizers and lithium salts added, and failing
that, inorganic fillers, and then the solvent evaporated. In this type of GPE, it is vital to swell the polymeric
matrices and control the level of drying of the GPE. The GPE prepared by physical mixtures generated due to
the weak electrostatic interactions between the different components should consider. [106] Therefore, by
increasing the operating temperature probably, the energy of the thermal agitation will be enough to break the
electrostatic interactions, [47] and consequently, the GPE will be transformed into a liquid electrolytic mixture
containing lithium salts and plasticizers.

On the other hand, in the chemical methods of GPE preparation (radiation thermal or electrochemical),
[108-110] also called in situ preparation methods, the cross-linked monomers, initiators, plasticizers, and
lithium salts dissolved to form a liquid electrolyte solution in a specific ratio to develop a precursor solution.
[110] Subsequently, the polymerization process is initiated under specific reaction conditions to form a cross-
linked polymeric matrix, in which pores or nanopores of the liquid electrolyte solutions are immobilized
homogeneously to obtain GPE. [76, 86] In addition, the formation of covalent bonds in the polymeric matrix
generates a strong cross-linked structure, which exhibits excellent thermal stability without solvent leakage at
high temperatures or long-term aging.

Hybrid polymer electrolytes

Hybrid polymer electrolytes (HPEs) for LIBs comprise an inorganic, ionic, or non-ionic conductive
component. [111] This type of electrolyte tries to take advantage of liquid and polymeric electrolytes offers,
along with improving ionic conductivity and electrochemical stability properties. [112,113]
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Fig. 9. Schema for (HPEs): ceramic/polymer solid electrolyte: (a) ceramic-in-polymer; (b) intermediate; (c)
polymer-in-ceramic.
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The first hybrid polymer electrolytes were prepared by adding micro and nano ceramic particles such
as Al,Os, TiO,, and SiO; (considered inactive ceramics) to SPE, [114-118] aiming to generate new conduction
pathways, increase the values of ionic conductivity, Li" transference number and decrease the activation energy
of ionic conduction processes in SPE, [119] while interfacial side reactions are inhibited at the same time, thus
improving compatibility at the electrolyte-electrode interface. [120] The high surface energy of the ceramic
particles generates ceramic-polymer solid interactions and ceramic-polymer ratio in HPEs, which are capable
of modifying the mobility of the polymer chains and, consequently the dominant mechanism of ionic
conduction. Fig. 9 shows different types of HPE classified according to their polymer/ceramic ratio, the blue
lines refer to the favored routes for the ionic conduction process, where the evident existence of different
mechanisms and activation energies requires a process of optimization of the polymer/ceramic ratios, called
percolation analysis of ionic transport. [121]

The success of this type of formulation and the emergence of ion transport active inorganic materials
(perovskite-type LissLagssTi03, NASICON-type LiTi»(PO4)3;, LISICON-type LiisZn (GeOs)s, garnet-type
LisLa3Zr,01> and LIPON), was a direct step towards the formulation of hybrid electrolytes, [122] whose
inorganic components possess ionic conductivity characteristics. In this way, high values of total ionic
conductivity can be achieved, which is composed of the ionic conductivity of the inorganic and organic
components, [123,124] either liquid or polymeric electrolytes (Fig. 9).

One of the main challenges in this type of electrolyte is to find the ionic percolation threshold between
two conductive phases and to generate a homogeneous distribution of the components. It is well known that
during the preparation process, phase separation is one of the main problems, either due to incompatibility,
mixing problems, or precipitation of the components of higher density. [104,125] Another problem present in
this type of electrolytes is associated with the compatibility of the components and preparation methods,
[126,129] since the high reactivity of the active inorganic materials for the ionic conduction process can lead to
a high degree of decomposition of the components and the formation of highly thick or passive interfacial layers
that turn off the ionic conduction pathways, or the complete electrolyte deactivation.

Conclusions

This review describes from the electrochemical point of view the factors that determine the most
relevant parameters of single-phase liquid, polymeric, and ceramic electrolytes and two-phase ion-conducting
gel-type polymeric electrolytes and hybrid electrolytes, paying special attention to the factors that determine
the characteristics and magnitudes of the ionic conduction processes without neglecting the importance of
establishing good compatibility, kinetics, and thermodynamics between the different components of the phases
and interfaces of the electrolytes and the electrodes to increase the stability and operability of the LIBs. In
addition, some electrolyte materials are presented, which serve as a source for generating new electrolytes that
can and should be desid according to the specific demands of each battery system with advanced chemistries.

Acknowledgements
G.G.-G. is grateful to the National Council of Science and Technology (CONACYT), Ciencia de
Frontera 2023 project CF-2023-1-2531.

References

1. Chen, H.; Cong, T. N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y. Prog. Nat. Sci. 2009, 19, 291-312. DOI:
doi.org/10.1016/j.pnsc.2008.07.014.

615

Special Issue: Tribute to the electrochemical emeritus researchers of SNI



Review J. Mex. Chem. Soc. 2023, 67(4)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

2. Meena, N.; Baharwani, V.; Sharma, D.; Sharma, A.; Choudhary, B.; Parmar, P.; Stephen, R. B. in:
2014 Power and energy systems: towards sustainable energy; 2014; 1-3. DOI:
doi.org/10.1109/PESTSE.2014.6805253.

Winter, M.; Brodd, R. J. Chem. Rev. 2004, 104, 4245-4270. DOI: doi.org/10.1021/cr020730k.

4. Gao, J.; Zhao, Y.-S.; Shi, S.-Q.; Li, H. Chin. Phys. B. 2016, 25, 18211. DOI: doi.org/10.1088/1674-
1056/25/1/018211.

5. Lin, C.; Neale, Z. G.; Cao, G. Mater. Today. 2016, 19, 109-123. DOI:
doi.org/10.1016/j.mattod.2015.10.009.

6. Ebin, B.; Giirmen, S.; Lindbergh, G. Mater. Chem. Phys. 2012, 136, 424-430. DOI:
doi.org/10.1016/j.matchemphys.2012.07.003.

7. Zhou, R.; Huang, J.; Lai, S.; Li, J.; Wang, F.; Chen, Z.; Lin, W.; Li, C.; Wang, J.; Zhao, J. Sustain
Energy Fuels. 2018, 2, 1481-1490. DOI: doi.org/10.1039/C8SE00064F.

8. Tan, S.; Ji, Y. J; Zhang, Z. R.; Yang, Y. ChemPhysChem. 2014, 15, 1956-1969. DOI:
doi.org/10.1002/cphc.201402175.

9. Ko, S.; Yamada, Y.; Yamada, A. Batteries Supercaps. 2020, 3, 910-916. DOI:
doi.org/10.1002/batt.202000050.

10. Martinez-Cruz, M. A.; Yafiez-Aulestia, A.; Ramos-Sanchez, G.; Oliver-Tolentino, M.; Vera, M.;
Pfeiffer, H.; Ramirez-Rosales, D.; Gonzalez, 1. Dalton Trans. 2020, 49, 4549-4558. DOI:
doi.org/10.1039/DODT00273A.

11. Borodin, O. Curr. Opin. Electrochem. 2019, 13, 86-93. DOI: doi.org/10.1016/j.coelec.2018.10.015.

12.Li, J.; Ma, C.; Chi, M.; Liang, C.; Dudney, N. J. Adv. Energy. Mater. 2015, 5, 1401408. DOI:
doi.org/10.1002/aenm.201401408.

13. Cheng, X. B.; Zhang, R.; Zhao, C. Z.; Wei, F.; Zhang, J. G.; Zhang, Q. Adv. Sci. 2015, 3, 1-20. DOI:
doi.org/10.1002/advs.201500213.

14. Hubble, D.; Brown, D. E.; Zhao, Y.; Fang, C.; Lau, J.; McCloskey, B. D.; Liu, G. Energy Environ. Sci.
2022, 15, 550-578. DOLI: doi.org/10.1039/D1EEQ01789F.

15. Borodin, O. Curr. Opin. Electrochem. 2019, 13, 86-93. DOI: doi.org/10.1016/j.coelec.2018.10.015.

16.Li, J.; Ma, C.; Chi, M.; Liang, C.; Dudney, N. J. Adv. Energy. Mater. 2015, 5, 1401408. DOI:
doi.org/10.1002/aenm.201401408.

17. Wu, J.; Wang, X.; Liu, Q.; Wang, S.; Zhou, D.; Kang, F.; Shanmukaraj, D.; Armand, M.; Rojo, T.; Li,
B.; Wang, G. Nat. Commun. 2021, 12, 5746. DOI: doi.org/10.1038/s41467-021-26073-6.

18. Kalhoff, J.; Eshetu, G. G.; Bresser, D.; Passerini, S. ChemSusChem. 2015, 8, 2154-2175. DOI:
doi.org/10.1002/cssc.201500284.

19. Chen, S.-P.; Lv, D.; Chen, J.; Zhang, Y.-H.; Shi, F.-N. Energy Fuels. 2022, 36, 1232—-1251. DOI:
doi.org/10.1021/acs.energyfuels.1c03757.

20.Guzman, G.; Vazquez-Arenas, J.; Ramos-Sanchez, G.; Bautista-Ramirez, M.; Gonzalez, I.
Electrochim. Acta. 2017, 247. DOI: doi.org/10.1016/].clectacta.2017.06.172.

21.Lee, U.; Xu, K.; Zhang, S. S.; Jow, T. R. MRS Online Proc. Libr. 2005, 835, K6.10. DOI:
10.1557/PROC-835-K6.10.

22.Xiao, A.; Yang, L.; Lucht, B. L. Electrochem. Solid-State Lett. 2007, 10, A241. DOI:
doi.org/10.1149/1.2772084.

23.Xu, K.; Zhang, S.; Jow, T. R.; Xu, W.; Angell, C. A. Electrochem. Solid-State Lett. 2002, 5 (1), A26.
DOI: doi.org/10.1149/1.1426042.

24. Adenusi, H.; Chass, G. A.; Passerini, S.; Tian, K. V; Chen, G. Adv. Energy Mater. 2023, 13,2203307.
doi.org/10.1002/aenm.202203307.

25.Qu, W.; Dorjpalam, E.; Rajagopalan, R.; Randall, C. A. ChemSusChem. 2014, 7, 1162—-1169. DOI:
doi.org/10.1002/cssc.201300858.

26.Fu, C.; Ma, Y.; Lou, S.; Cui, C.; Xiang, L.; Zhao, W.; Zuo, P.; Wang, J.; Gao, Y.; Yin, G. J. Mater.
Chem. A Mater. 2020, 8, 2066-2073. DOI: doi.org/10.1039/C9TA11341J.

98]

616

Special Issue: Tribute to the electrochemical emeritus researchers of SNI



Review J. Mex. Chem. Soc. 2023, 67(4)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

27.Yu, L.; Chen, S.; Lee, H.; Zhang, L.; Engelhard, M. H.; Li, Q.; Jiao, S.; Liu, J.; Xu, W.; Zhang, J.-G.
ACS Energy Lett. 2018, 3,2059-2067. DOI: doi.org/10.1021/acsenergylett.8b00935.

28.Borodin, O.; Self, J.; Persson, K. A.; Wang, C.; Xu, K. Joule. 2020, 4, 69-100. DOI:
doi.org/10.1016/j.joule.2019.12.007.

29. Méry, A.; Rousselot, S.; Lepage, D.; Doll¢, M. Materials. 2021. DOI: doi.org/10.3390/ma14143840.

30.Gancarz, P.; Zorebski, E.; Dzida, M. Electrochem. Commun. 2021, 130, 107107. DOI:
10.1016/j.elecom.2021.107107.

31.Keller, M.; Varzi, A.; Passerini, S. Power Sources. 2018, 392, 206-225. DOI:
doi.org/10.1016/j.jpowsour.2018.04.099.

32.Yuan, H.; Luan, J.; Yang, Z.; Zhang, J.; Wu, Y.; Lu, Z.; Liu, H. ACS Appl. Mater. Interfaces. 2020,
12,7249-7256. DOI: doi.org/10.1021/acsami.9b20436.

33.Huo, S.; Sheng, L.; Xue, W.; Wang, L.; Xu, H.; Zhang, H.; He, X. InfoMat. 2023, ¢12394. DOI:
doi.org/10.1002/inf2.12394.

34. Marchiori, C. F. N.; Carvalho, R. P.; Ebadi, M.; Brandell, D.; Araujo, C. M. Chem. Mater. 2020, 32,
7237-7246. DOI: doi.org/10.1021/acs.chemmater.0c01489.

35.Hei, Z.; Wu, S.; Zheng, H.; Liu, H.; Duan, H. Solid State Ionics. 2022, 375, 115837. DOI:
doi.org/10.1016/j.ss1.2021.115837.

36.Yoon, J.; Oh, D. X.; Jo, C.; Lee, J.; Hwang, D. S. Phys. Chem. Chem.Phys. 2014, 16, 25628-25635.
DOI: doi.org/10.1039/C4CP03499F.

37.Elmore, T. C.; Seidler, E. M.; Ford, O. H.; Merrill, C. L.; Upadhyay, P. S.; Schneider, F. W.; Schaefer,
L. J. Batteries. 2018. DOI: doi.org/10.3390/batteries4020028.

38. Han, J.; Yagi, S.; Takeuchi, H.; Nakayama, M.; Ichitsubo, T. J. Mater. Chem. A Mater. 2021, 9,26401—
26409. doi.org/10.1039/D1TA08115B.

39. Solchenbach, S.; Hong, G.; Freiberg, A. T. S.; Jung, R.; Gasteiger, H. A. J. Electrochem. Soc. 2018,
165, A3304. DOL: doi.org/10.1149/2.0511814jes.

40. Guzman, G.; Nava, D.; Vazquez-Arenas, J.; Cardoso, J.; Alvarez-Ramirez, J. Solid State lonics. 2018,
320, 45-54. DOI: doi.org/10.1016/j.551.2018.02.031.

41.Lee, M.-S.; Roev, V.; Jung, C.; Kim, J.-R.; Han, S.; Kang, H.-R.; Im, D.; Kim, 1.-S. ChemistrySelect.
2018, 3, 11527-11534. DOI: doi.org/10.1002/s1ct.201800757.

42.Tan, P.; Yue, J.; Yu, Y.; Liu, B.; Liu, T.; Zheng, L.; He, L.; Zhang, X.; Suo, L.; Hong, L. J. Phys.
Chem. C. 2021, 125, 11838-11847. DOI: doi.org/10.1021/acs.jpcc.1c01663.

43.Mindemark, J.; Lacey, M. J.; Bowden, T.; Brandell, D. Prog. Polym. Sci. 2018, 81, 114—143. DOLI:
doi.org/10.1016/j.progpolymsci.2017.12.004.

44 Rosenwinkel, M. P.; Schonhoff, M. J. Electrochem. Soc. 2019, 166, A1977. DOI:
doi.org/10.1149/2.0831910jes.

45.Wohde, F.; Balabajew, M.; Roling, B. J. Electrochem. Soc. 2016, 163, A714. DOLI:
doi.org/10.1149/2.0811605jes.

46.Fang, C.; Mistry, A.; Srinivasan, V.; Balsara, N. P.; Wang, R. JACS Au. 2023, 3, 306-315. DOI:
doi.org/10.1021/jacsau.2c00590.

47.Evans, J.; Vincent, C. A.; Bruce, P. G. Polymer (Guildf), 1987, 28, 2324-2328. DOI:
doi.org/10.1016/0032-3861(87)90394-6.

48.Parimalam, B. S.; Lucht, B. L. J Electrochem. Soc. 2018, 165, A251-A255. DOI:
doi.org/10.1149/2.0901802jes.

49.Chen, L.; Wu, H.; Ai, X.; Cao, Y.; Chen, Z. Battery Energy. 2022, 1, 20210006. DOI:
doi.org/10.1002/bte2.20210006.

50. Borodin, O.; Han, S.-D.; Daubert, J. S.; Seo, D. M.; Yun, S.-H.; Henderson, W. A. J. Electrochem.
Soc. 2015, 162, A501-A510. DOI: doi.org/10.1149/2.0891503jes.

51. Horwitz, G.; Calvo, E. J.; Méndez De Leo, L. P.; De La Llave, E. Chem. Phys. 2020, 22, 16615-16623.
DOI: doi.org/10.1039/d0cp02568Db.

617

Special Issue: Tribute to the electrochemical emeritus researchers of SNI



Review J. Mex. Chem. Soc. 2023, 67(4)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

52.Di Lecce, D.; Marangon, V.; Jung, H.-G.; Tominaga, Y.; Greenbaum, S.; Hassoun, J. Green Chem.
2022. DOI: doi.org/10.1039/D1GC03996B.

53. Alvarez-Tirado, M.; Castro, L.; Guzman-Gonzalez, G.; Guéguen, A.; Tomé, L. C.; Mecerreyes, D.
Energy Mater. 2023, 3, 1-6.

54.Ren, X.; Chen, S.; Lee, H.; Mei, D.; Engelhard, M. H.; Burton, S. D.; Zhao, W.; Zheng, J.; Li, Q.;
Ding, M. S.; Schroeder, M.; Alvarado, J.; Xu, K.; Meng, Y. S.; Liu, J.; Zhang, J.-G.; Xu, W. Chem.
2018, 4, 1877-1892. DOI: doi.org/10.1016/j.chempr.2018.05.002.

55.Xu, D.; Wang, Z.; Xu, J.; Zhang, L.; Zhang, X. Chem. Commun. 2012, 48, 6948-6950. DOI:
doi.org/10.1039/C2CC32844E.

56.Moon, H.; Cho, S.-J.; Yu, D.-E.; Lee, S.-Y. Energy Environ. Mater. 2022. DOI:
doi.org/10.1002/eem2.12383.

57. Scrosati, B.; Vincent, C. A. MRS Bull. 2000, 25, 28-30. DOI: doi.org/DOI: 10.1557/mrs2000.15.

58.Xue, Z.; He, D.; Xie, X. J Mater. Chem. A Mater. 2015, 3, 19218-19253. DOI:
doi.org/10.1039/CSTA034711.

59. Plesse, C.; Khaldi, A.; Wang, Q.; Cattan, E.; Teyssié, D.; Chevrot, C.; Vidal, F. Smart. Mater. Struct.
2011, 20, 124002. DOI: doi.org/10.1088/0964-1726/20/12/124002.

60.Ketkar, P. M.; Epps, T. H. L. I. 1. Acc. Chem. Res. 2021, 54, 4342-4353. DOLI:
doi.org/10.1021/acs.accounts.1c00468.

61.Solarajan, A. K.; Murugadoss, V.; Angaiah, S. Sci. Rep. 2017, 7, 45390.

62. Olmedo-Martinez, J.; Porcarelli, L.; Guzman-Gonzalez, G.; Calafel, M. 1.; Forsyth, M.; Mecerreyes,
D.; Miiller, A. ACS Appl. Polym. Mater. 2021, 3, 6326—-6337. DOI: doi.org/10.1021/acsapm.1c01093.

63.Long, L.; Wang, S.; Xiao, M.; Meng, Y. J. Mater. Chem. A Mater. 2016, 4, 10038—-10069. DOI:
doi.org/10.1039/C6TA02621D.

64. Voropaeva, D. Y.; Novikova, S. A.; Yaroslavtsev, A. B. Russ. Chem. Rev. 2020, 89, 1132—1155.

65. Guzman, G.; Nava, D. P.; Vazquez-Arenas, J.; Cardoso, J. Macromol. Symp. 2017, 374, 1600136.
DOI: doi.org/10.1002/masy.201600136.

66. Strauss, E.; Menkin, S.; Golodnitsky, D. J. Solid State Electrochem. 2017, 21, 1879-1905. DOI:
doi.org/10.1007/s10008-017-3638-8.

67.Savoie, B. M.; Webb, M. A.; Miller, T. F. Enhancing. J. Phys. Chem. Lett. 2017, 8, 641-646. DOI:
doi.org/10.1021/acs.jpclett.6b02662.

68.Zhang, Z.; Zhang, P.; Liu, Z.; Du, B.; Peng, Z. ACS Appl. Mater. Interfaces. 2020, 12, 11635-11642.
DOI: doi.org/10.1021/acsami.9b21655.

69.Ma, Q.; Zhang, H.; Zhou, C.; Zheng, L.; Cheng, P.; Nie, J.; Feng, W.; Hu, Y.-S.; Li, H.; Huang, X_;
Chen, L.; Armand, M.; Zhou, Z. Angew. Chem. Int. Ed. Engl. 2016, 55, 2521-2525. DOI:
doi.org/10.1002/anie.201509299.

70.Lin, Y.-Y.; Chen, Y.-M.; Hou, S.-S.; Jan, J.-S.; Lee, Y.-L.; Teng, H. J. Mater. Chem. A Mater. 2017,
5, 17476-17481. DOI: doi.org/10.1039/C7TA04886F.

71. Piszcz, M.; Garcia-Calvo, O.; Oteo, U.; Lopez del Amo, J. M.; Li, C.; Rodriguez-Martinez, L. M.;
Youcef, H. Ben; Lago, N.; Thielen, J.; Armand, M. Electrochim. Acta. 2017, 255, 48-54. DOLI:
doi.org/10.1016/j.electacta.2017.09.139.

72.Thomas, K. E.; Sloop, S. E.; Kerr, J. B.; Newman, J. Power Sources. 2000, 89, 132—138. DOI:
doi.org/10.1016/S0378-7753(00)00420-1.

73. Alvarez Tirado, M.; Castro, L.; Guzman-Gonzalez, G.; Porcarelli, L.; Mecerreyes, D. ACS Appl.
Energy Mater. 2021, 4, 295-302. DOI: doi.org/10.1021/acsaem.0c02255.

74. Shobukawa, H.; Tokuda, H.; Tabata, S.-1.; Watanabe, M. Electrochim. Acta. 2004, 50, 305-309. DOI:
doi.org/10.1016/j.electacta.2004.01.096.

75.Feng, S.; Shi, D.; Liu, F.; Zheng, L.; Nie, J.; Feng, W.; Huang, X.; Armand, M.; Zhou, Z. Electrochim.
Acta. 2013, 93,254-263. DOLI: doi.org/10.1016/j.electacta.2013.01.119.

618

Special Issue: Tribute to the electrochemical emeritus researchers of SNI



Review J. Mex. Chem. Soc. 2023, 67(4)
Special Issue

©2023, Sociedad Quimica de México

ISSN-¢ 2594-0317

76.Deng, K.; Zeng, Q.; Wang, D.; Liu, Z.; Qiu, Z.; Zhang, Y.; Xiao, M.; Meng, Y. J. Mater. Chem. A
Mater. 2020, 8, 1557-1577. DOI: doi.org/10.1039/C9TA11178F.

77. Guzman-Gonzalez, G.; Avila-Paredes, H. J.; Rivera, E.; Gonzalez, I. ACS Appl. Mater. Interfaces.
2018, /0. DOI: doi.org/10.1021/acsami.8b02519.

78. Guzman-Gonzalez, G.; Ramos-Sanchez, G.; Camacho-Forero, L. E.; Gonzalez, 1. J. Phys. Chem. C.
2019, /23. DOLI: doi.org/10.1021/acs.jpcc.9b02945.

79. Guzman-Gonzalez, G.; Vauthier, S.; Alvarez-Tirado, M.; Cotte, S.; Castro, L.; Guéguen, A.; Casado,
N.;  Mecerreyes, D. Angew. Chem. Int. Ed. 2022, 61, ¢202114024. DOI:
doi.org/10.1002/anie.202114024.

80.Itoh, T.; Mitsuda, Y.; Ebina, T.; Uno, T.; Kubo, M. Power Sources. 2009, 189, 531-535. DOI:
doi.org/10.1016/j.jpowsour.2008.10.113.

81.Li, Q.; Chen, J.; Fan, L.; Kong, X.; Lu, Y. Green Energy Environ. 2016, I, 18-42. DOI:
doi.org/10.1016/j.gee.2016.04.006.

82.Xu, W.; Williams, M. D.; Angell, C. A. Chem. Mater. 2002, 14, 401-409. DOI:
doi.org/10.1021/cm010699n.

83.Shim, J.; Lee, J. S.; Lee, J. H.; Kim, H. J.; Lee, J.-C. ACS Appl. Mater. Interfaces. 2016, 8, 27740—
27752. DOI: doi.org/10.1021/acsami.6b09601.

84. Choudhury, S.; Tu, Z.; Nijamudheen, A.; Zachman, M. J.; Stalin, S.; Deng, Y.; Zhao, Q.; Vu, D.;
Kourkoutis, L. F.; Mendoza-Cortes, J. L.; Archer, L. A. Nat. Commun. 2019, 10, 1-11. DOI:
doi.org/10.1038/s41467-019-11015-0.

85.Tsao, C.-H.; Hsu, C.-H.; Kuo, P.-L. Electrochim. Acta. 2016, 196, 41-47. DOI:
doi.org/10.1016/j.electacta.2016.02.154.

86.Fongy, C.; Jouanneau, S.; Guyomard, D.; Badot, J. C.; Lestriez, B. J. Electrochem. Soc. 2010, 157,
A1347. DOI: doi.org/10.1149/1.3497353.

87.Orikasa, Y.; Gogyo, Y.; Yamashige, H.; Katayama, M.; Chen, K.; Mori, T.; Yamamoto, K.; Masese,
T.; Inada, Y.; Ohta, T.; Siroma, Z.; Kato, S.; Kinoshita, H.; Arai, H.; Ogumi, Z.; Uchimoto, Y. Sci.
Rep. 2016, 6, 26382. DOI: doi.org/10.1038/srep26382.

88.Guy, D.; Lestriez, B.; Bouchet, R.; Guyomard, D. J. Electrochem. Soc. 2006, 153, A679. DOI:
doi.org/10.1149/1.2168049.

89.Yang, H.; Wu, N. Energy Sci. Eng. 2022, 10, 1643-1671. DOI: doi.org/10.1002/ese3.1163.

90. Liu, X.; Fu, J.; Zhang, C. Nanoscale Res. Lett. 2016, 11, 551. DOI: doi.org/10.1186/s11671-016-1768-z.

91.Yang, S ; Liang, Q.; Wu, H.; Pi, J.; Wang, Z.; Luo, Y.; Liu, Y.; Long, Z.; Zhou, D.; Wen, Y.; Wang,
Q.; Guo, J; Qiu, J. J. Phys. Chem. Lett. 2022, 13, 4981—4987 DOI:
doi.org/10.1021/acs.jpclett.2c01052.

92.Xie, W.; Cao, J.; Li, P.; Fan, M.; Xu, S.; Du, J.; Zhang, J. Mater. Des. 2022, 220, 110860. DOI:
doi.org/10.1016/j.matdes.2022.110860.

93.Mathieson, A.; Feldmann, S.; De Volder, M. JACS Au. 2022, 2, 1313-1317. DOI:
doi.org/10.1021/jacsau.2c00212.

94. Sastre, J.; Priebe, A.; Dobeli, M.; Michler, J.; Tiwari, A. N.; Romanyuk, Y. E. Adv. Mater. Interfaces.
2020, 7, 2000425. DOI: doi.org/10.1002/admi.202000425.

95.Indu, M. S.; Alexander, G. V; Sreejith, O. V; Abraham, S. E.; Murugan, R. Mater. Today Energy.
2021, 21, 100804. DOI: doi.org/10.1016/j.mtener.2021.100804.

96.Kato, A.; Yamamoto, M.; Utsuno, F.; Higuchi, H.; Takahashi, M. Commun. Mater. 2021, 2, 112. DOL:
doi.org/10.1038/s43246-021-00216-0.

97.Zhou, J.; Chen, P.; Wang, W.; Zhang, X. Chem. Eng. J. 2022, 446, 137041. DOI:
doi.org/10.1016/j.cej.2022.137041.

98.Bachman, J. C.; Muy, S.; Grimaud, A.; Chang, H.-H.; Pour, N.; Lux, S. F.; Paschos, O.; Maglia, F.;
Lupart, S.; Lamp, P.; Giordano, L.; Shao-Horn, Y. Chem. Rev. 2016, 116, 140-162. DOI:
doi.org/10.1021/acs.chemrev.5b00563.

619

Special Issue: Tribute to the electrochemical emeritus researchers of SNI



Review

J. Mex. Chem. Soc. 2023, 67(4)
Special Issue

©2023, Sociedad Quimica de México
ISSN-¢ 2594-0317

99. Famprikis, T.; Canepa, P.; Dawson, J. A.; Islam, M. S.; Masquelier, C. Nat. Mater. 2019, 18, 1278—

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

1291. DOI: doi.org/10.1038/s41563-019-0431-3.
100.

Zhao, S.; Jiang, W.; Zhu, X.; Ling, M.; Liang, C. Sustainable Mater. Technol. 2022, 33, ¢00491.
DOI: doi.org/10.1016/j.susmat.2022.¢00491

Moganty, S. S.; Jayaprakash, N.; Nugent, J. L.; Shen, J.; Archer, L. A. Angew. Chem. Int. Ed. 2010,
49,9158-9161. DOLI: doi.org/10.1002/anie.201004551.

Zhou, D.; Shanmukaraj, D.; Tkacheva, A.; Armand, M.; Wang, G. Chem. 2019, 5, 2326-2352. DOLI:
doi.org/10.1016/j.chempr.2019.05.009.

Zhu, M.; Wu, J.; Wang, Y.; Song, M.; Long, L.; Siyal, S. H.; Yang, X.; Sui, G. J. Energy Chem.
2019, 37, 126-142. DOI: doi.org/10.1016/j.jechem.2018.12.013.

Fu, S.; Zuo, L.-L.; Zhou, P.-S.; Liu, X.-J.; Ma, Q.; Chen, M.-J.; Yue, J.-P.; Wu, X.-W.; Deng, Q.
Mater. Chem. Front. 2021, 5, 5211-5232. DOI: doi.org/10.1039/D1QMO00096A.

Nava, D. P.; Guzman, G.; Vazquez-Arenas, J.; Cardoso, J.; Gomez, B.; Gonzalez, 1. Solid State
Ionics. 2016, 290. DOI: doi.org/10.1016/j.ss1.2016.03.020.

Alvarez Tirado, M.; Castro, L.; Guzman-Gonzélez, G.; Porcarelli, L.; Mecerreyes, D. Single-ACS
Appl. Energy Mater. 2021, 4,295-302. DOI: doi.org/10.1021/acsaem.0c02255.

Baskoro, F.; Wong, H. Q.; Yen, H.-J. ACS Appl. Energy Mater. 2019, 2, 3937-3971. DOLI:
doi.org/10.1021/acsaem.9b00295.

Susan, Md. A. B. H.; Kaneko, T.; Noda, A.; Watanabe, M. J. Am. Chem. Soc. 2005, 127,4976-4983.
DOI: doi.org/10.1021/ja045155b.

Tan, S.; Ji, Y. J.; Zhang, Z. R.; Yang, Y. ChemPhysChem. 2014, 15, 1956-1969. DOI:
doi.org/10.1002/cphc.201402175.

Li, J.; Ma, C.; Chi, M.; Liang, C.; Dudney, N. J. Adv. Energy Mater. 2015, 5, 1401408. DOI:
doi.org/10.1002/aenm.201401408.

Abbas, Z.; Labbez, C.; Nordholm, S.; Ahlberg, E. J. Phys. Chem. C. 2008, 112, 5715-5723. DOI:
doi.org/10.1021/jp709667u.

Pacchioni, G. Eur. J. Inorg. Chem. 2019, 2019, 751-761. DOI: doi.org/10.1002/ejic.201801314.
Cheng, S.; Xie, S.-J.; Carrillo, J.-M. Y.; Carroll, B.; Martin, H.; Cao, P.-F.; Dadmun, M. D.; Sumpter,
B. G.; Novikov, V. N.; Schweizer, K. S.; Sokolov, A. P. ACS Nano. 2017, 11, 752-759. DOI:
doi.org/10.1021/acsnano.6b07172.

Ma, C.; Zhang, J.; Xu, M.; Xia, Q.; Liu, J.; Zhao, S.; Chen, L.; Pan, A_; Ivey, D. G.; Wei, W. Power
Sources. 2016, 317, 103—111. DOI: doi.org/10.1016/j.jpowsour.2016.03.097.

Bantz, C.; Koshkina, O.; Lang, T.; Galla, H.-J.; Kirkpatrick, C. J.; Stauber, R. H.; Maskos, M.
Beilstein J. Nanotechnol. 2014, 5, 1774—1786. DOI: doi.org/10.3762/bjnano.5.188.

Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nature. 1998, 394, 456-458. DOI:
doi.org/10.1038/28818.

Shim, J.; Kim, D.-G.; Kim, H. J.; Lee, J. H.; Lee, J.-C. ACS Appl. Mater. Interfaces. 2015, 7, 7690—
7701. DOI: doi.org/10.1021/acsami.5b00618.

Manuel Stephan, A.; Nahm, K. S. Polymer (Guildf). 2006, 47, 5952-5964. DOI:
doi.org/10.1016/j.polymer.2006.05.069.

Keller, M.; Varzi, A.; Passerini, S. Power Sources. 2018, 392, 206-225. DOI:
doi.org/10.1016/j.jpowsour.2018.04.099.

Marchiori, C. F. N.; Carvalho, R. P.; Ebadi, M.; Brandell, D.; Araujo, C. M. Chem. Mater. 2020, 32,
7237-7246. DOI: doi.org/10.1021/acs.chemmater.0c01489.

Yao, Y. University of Wollongong, thesis, 2008. https://ro.uow.edu.au/theses/88/ , accessed in July
2023.

Plylahan, N.; Kerner, M.; Lim, D.-H.; Matic, A.; Johansson, P. Electrochim. Acta. 2016, 216, 24—
34. DOI: doi.org/10.1016/j.electacta.2016.08.025.

620

Special Issue: Tribute to the electrochemical emeritus researchers of SNI


https://ro.uow.edu.au/theses/88/

