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Lithium-ion batteries are still efficient and reliable energy storage systems and are widely 
used in portable electronics and electric vehicles. This review describes the types of cur-
rently existing lithium batteries, systems with anodes, cathodes and electrolytes made of 
various materials, and methods for their study. Specifically, it begins with a brief introduc-
tion to the principles of lithium-ion batteries operation and cell structure, followed by an 
overview of battery research methods. Particular attention is paid to the use of nanosized 
particles for the modification of electrodes and electrolytes, as well as the copolymeriza-
tion of individual polymers of the gel-polymer electrolyte. The review analyzes possible 
future developments and prospects for post-lithium batteries. 
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1. INTRODUCTION 

Ever-increasing negative impacts on the environment pro-
mote the active development of eco-friendly technologies 
not only for energy generation, but also for energy storage. 
Since wind and solar power plants, which are to become 
the basis for generating green electricity, cannot operate at 
full capacity around the clock and year-round, devices to 
store energy must be created [1]. Due to low self-discharge 
and a large number of charge/discharge cycles, lithium-
ion batteries (LIBs) are most preferred for use in alterna-
tive energy. LIBs, as one of the efficient energy storage 
devices, are used in many fields including portable equip-
ment and electric vehicles, power plants [2]. Until now, 
Li-primary batteries (single action cell) are still widely 
employed in cardiac pacemakers [3]. However, the pri-
mary batteries are not rechargeable, resulting in high cost, 
serious waste, and environmental pollution. 

The first lithium current sources with an aprotic elec-
trolyte appeared in the early 1970s [4]. The development 
of primary lithium batteries with a lithium anode proved 
to be successful, but the creation of secondary lithium bat-
teries (repeated cell on which the electrode reactions are 
reversible) has many difficulties. 

The review systematizes literature data on develop-
ments in the field of lithium batteries, describes the char-
acteristics of materials for electrodes and electrolyte and 
methods for their measurement, discusses the main prob-
lems and possible solutions. Particular attention is paid to 
the use of nanoscale materials and their impact on the me-
chanical and electrical characteristics of batteries. Ad-
vanced materials that can potentially replace lithium in 
batteries are also described. 

2. CLASSIFICATION OF RECHARGEABLE 
BATTERIES WITH LITHIUM 

According to the principle of operation, lithium batteries 
can be divided into three groups: lithium batteries with 
lithium metal (LMBs), LIBs and lithium polymer batteries 
(Li-Pol) [5]. As a rule, a lithium battery consists of four 
parts: positive and negative electrodes (anode and cath-
ode), separator and electrolyte (Fig. 1). Electrodes are an 
active materials deposited on a metal current collector, for 
example copper or aluminum, with an electrically conduc-
tive additive and a binder. The anode is the electrode 
where the oxidation reaction occurs, while the cathode is 
the electrode where the reduction reaction occurs. 
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2.1. Lithium batteries 

Lithium is one of the best anode active substances on Earth. 
It has a high theoretical specific capacity (3860 mA∙h/g), a 
low redox potential (3.040 V relative to a standard hydro-
gen electrode) and a low density (0.534 g/cm3). Lithium, the 
lightest member of the alkali metal group, has the smallest 
atomic radius of all metals. These features provide Li metal 
with ultrahigh capacity and quick transfer nature [6]. De-
spite so many advantages, the practical application of the 
lithium anode is limited because of lithium dendrites for-
mation during cycling [7]. Dendrites can pierce the separa-
tor, which leads to a short circuit and battery failure. Also, 
lithium batteries do not tolerate freezing or overheating. 

Since the 1960s, the proposed methods to suppress 
dendrite growth can be classified into four categories [3]: 

1. LiX alloy (X = Al, B, Si, Sn, C, etc.). Substituting Li 
metal with LiX alloy can significantly reduce the dendrite 
problems, because Li is in its ionic rather than metallic 
state. Unfortunately, the alloy electrodes can only survive 
limited cycles due to large volume changes during cycling 
[6]. However, the carbon electrode partly guarantees safe 
operation, yet large capacity is drastically sacrificed from 
3860 to 372 mA∙h/g. 

2. Organic electrolyte and Li metal/electrolyte inter-
face modifications. In the 1950s, Li metal was found to be 
successfully stabilized in some non-aqueous solvents due 
to the formation of a passivation film on the Li surface [8]. 
Intensive research activities have been devoted to seeking 
the proper Li salts, solvent, electrolyte additives, and arti-
ficial passivation film. However, the function of the pas-
sivating film gradually becomes incapable in rechargeable 

LMBs due to dendrite growth during repeated Li deposit-
ing/stripping. 

3. Solid-state electrolytes. The inorganic, polymer, and 
their hybrid solid-state electrolytes are expected to have a 
high shear modulus and thoroughly abandon the use of 
flammable non-aqueous liquid electrolytes, thus drasti-
cally enhancing the safety performance of LMBs. In con-
trast, the present ionic conductivity of these systems is typ-
ically between 10–8 and 10−5 S/cm at room temperature 
[9,10] and far below that of the non-aqueous liquid elec-
trolyte (10−3 S/cm) [11–13]. 

4. Structured anode design. The revolution in nano-
material and nanotechnology undoubtedly innovates Li 
dendrite inhibition research by constructing a novel matrix 
for Li depositing and designing separator/anode integra-
tion to modify Li ion depositing behavior [3]. 

2.2. Lithium-ion batteries 

A revolution in electrical engineering was made by the 
creation of LIB. The pioneer in this area was the SONY 
company [14], which already in the early 90s of the XX 
century began to use Li-ion technologies in its portable 
electronics. There is no metallic lithium in the Li-ion sys-
tem, and the electric current in the external circuit is pro-
vided by the transfer of lithium ions from the anode to 
the cathode [15]. The creators of LIB, John B. Goode-
nough, M. Stanley Whittingham and Akira Yoshino, 
were awarded with the Nobel Prize in Chemistry 2019 
“for the development of lithium-ion batteries”. Stanley 
Whittingham showed the possibility of reversible inser-
tion-extraction of lithium in layered sulfide transition 
metal materials. Unlike acid batteries, substances in LIBs 
do not dissolve, they change the concentration of lithium 
ions and, accordingly, the number of electrons in the con-
duction band, as well as the degree of oxidation of the 
transition metal. Goodenough showed that LiCoO2 could 
be used as an electrode material. 

The potential of carbon electrodes with a small amount 
of intercalated lithium can be higher than the potential of 
a lithium electrode by 0.5–0.8 V. Yoshino suggested using 
an electrode based on carbon materials, which made it pos-
sible to ensure stable operation of LIB, maintain its initial 
capacity, applied voltage and current for as long as in the 
nickel-cadmium and nickel-metal hydride batteries widely 
used at that time. The morphological stability of the elec-
trodes is ensured by a small change in the specific volume 
of the carbon matrix (no more than 10%) during the intro-
duction/extraction of lithium ions. However, frequent cy-
cling leads to a significant loss of battery capacity — de-
pletion is one of Li-ion's most severe drawbacks. The 
number of charge and discharge cycles is limited to 500–

Fig. 1. Constituent elements of a lithium cell type CR-2032. 
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1000 cycles, then the capacity reduces and degradation in-
creases [16]. The main advantages of LIBs are high energy 
density, which allows electronic equipment to work longer 
without recharging, and low self-discharge rate (loss of 
charge without use). They lose much less energy than 
other rechargeable cells. Current LIBs are not an ideal so-
lution, but new lithium-ion technologies are constantly de-
veloping and improving. 

2.3. Lithium polymer batteries 

Lithium polymer battery (Li-Pol) is an advanced design of 
LIB that uses a polymer material as the electrolyte. Re-
cently, this type of battery has been widely used in mobile 
phones and portable equipment [17]. The advantages of 
Li-Pol are variability in shape, the possibility of execution 
in a flexible case, and safety due to gel or solid electrolyte. 
The main disadvantages are the high cost of production 
and thin case wearing capacity. 

3. BATTERY TEST METHODS 

The main battery characteristics are its operating voltage, 
capacity, working life and power. This section describes 
methods for testing the electrical and performance charac-
teristics of a battery. 

Cyclic voltammetry (CV) is one of the simplest meth-
ods for studying the electrochemical properties of elec-
trodes. CV allows to obtain information about the ongoing 
redox reaction in the battery cell [18], to determine the 
voltages, at which reduction and oxidation reactions oc-
cur, and to evaluate quantitative information at an un-
known concentration of substances [19]. The essence of 
the method is to measure the current with a linear change 
in the applied voltage in the process of charging and dis-
charging the cell. The measurement result is a voltammo-
gram (Fig. 2), which is the dependence of the measured 
current on the voltages applied to the electrodes. 

Cycling is a traditional battery cell performance test 
that evaluates the capacity of a cell at various discharge 
and charge rates over a given number of cycles. The es-
sence of the method is to repeatedly discharge and charge 
the battery cell and measure the capacity at each cycle. 
The result of cycling (Fig. 3) is a graph of the dependence 
of the capacity of the battery cell on the serial number of 
the cycle. A single discharge or charge of a battery cell is 
considered a cycle. C-rate is a measure of the charge/dis-
charge rate of a battery cell relative to its capacity. 

Theoretical capacity is defined as the number of ions that 
can be stored per unit mass of the electrode material [21]: 

  =  26800 , t
n
M

C  (1) 

where tC  (mA∙h/g) is a theoretical capacity, n is a num-
ber of electrons involved in the electrochemical reaction, 
M (g/mol) is a molar mass of the active material. 

For example, consider LiCoO2 (the upper delithiation 
voltage of LiCoO2 cannot exceed 4.2 V relative to Li/Li+, 
which means that only half of the theoretical capacity of 
LiCoO2 can be achieved) and graphite; the electrochemi-
cal reaction is as follows: 

LiCoO2 ↔ ½ Li+ + ½ e– + Li0.5CoO2, 

Li+ + C6 + e– ↔ LiC6. (2) 

Then the theoretical capacities of LiCoO2 and graphite are 
137 and 372 mA∙h/g, respectively [22]. 

The specific energy W (W∙h/kg) that an electrochemical 
cell can provide is determined from the operating voltage V 
of the cell and its electrochemical specific capacity :tC  

.tW V C= ⋅  (3) 

Fig. 2. Cyclic voltammograms of electrode based on anatase na-
norods. Reprinted with permission from Ref. [20], © 2004 Amer-
ican Chemical Society. 

Fig. 3. Cycle life of the electrode made by the anatase nanorods 
at discharge-charge current density of 50 mA·h/g at 20 °C. Re-
printed with permission from Ref. [20], © 2004 American Chem-
ical Society. 
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Battery working life is also an important performance 
characteristic. In fact, this is the number of charge/discharge 
cycles that a battery can perform, while losing no more than 
20% of its initial capacity. Together with the working life, 
the Coulomb efficiency is considered — the ratio of the dis-
charge and charging capacities, in the ideal case, equals 
100%. 

The basis of the battery functioning mechanism is the 
transfer of ions and electrons. Since the measure of the 
speed of the charges is conductivity, the understanding of 
the conductivity processes in LIBs is a key problem of 
phenomena determining the operation of the battery and 
asking ways to improve characteristics. Since there is ion 
and electronic conductivity, the improvement of the ca-
pacity of modern LIBs can be achieved by an increase in 
electronic conductivity and diffusion ability of ions in an-
ode and cathode materials [23].  

The electrons are supplied by the current collectors for 
electrodes, while lithium ions move through the active ma-
terial and pores, thereby creating a pathway through the 
electrolyte. It should be noted that electron transfer 
through the electrolyte is undesirable because it could 
cause severe damage to the cell and may result in the ex-
plosion of the cell, leading to serious hazards. The elec-
tronic conduction in electrodes should occur fast; there-
fore, a conducting additive is generally used alongside the 
active materials [24]. 

Electrochemical impedance spectroscopy (EIS) is a 
method for studying the processes associated with the 
transition of electrons from an electrode to a current col-
lector, the conductivity of electrons in an electrode, the 

movement and diffusion of ions, and the formation of a 
double electric layer on the surfaces of electrodes [25]. 
The EIS method does not destroy the battery cell in the 
process, which allows it to be examined at various stages 
of operation [26]. To varying extent, battery components 
are sources of impedance of a resistive, capacitive, or in-
ductive nature. The essence of the method is to apply an 
alternating current signal to the battery cell in the fre-
quency range and measure the system response. The result 
of the EIS is the amplitude-phase frequency response, 
which is a graph of the dependence of the imaginary part 
of the impedance on its real part. The graph is interpreted 
by constructing equivalent circuits. Circuit elements char-
acterize the electrochemical processes occurring in the 
cell. Such an approximation allows to extract the values of 
the parameters of each element of the chain to judge the 
nature of the ongoing processes (Fig. 4). 

The specific ionic conductivity of the electrolyte is cal-
culated by formula [28]: 

  ,L
R S

σ=
⋅

 (4) 

where L is an electrolyte thickness, S is an electrolyte area, 
R is an ionic resistance of the electrolyte. 

The transference number is calculated by formula [20]: 
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where 0I  is an initial current during polarization, SI  is a 
steady current during polarization, 0R  is a charge transfer 

Fig. 4. The plots and their equivalent circuits for (a) a pure resistor, (b) a pure capacitor, (c) a capacitor and a resistor in series, (d) a 
capacitor and a resistor in the parallel combination, and (e) a leaky system. Adapted from Ref. [27]. 
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resistance before polarization, SR  is a resistance charge 
transfer after polarization, V∆  is a magnitude of the ap-
plied polarization. 

The maximum value of the transference number is 1. 
In most real electrolytes based on organic solvents, the 
salt usually does not completely dissociate resulting in 
ion pairs, triplets, and larger ion clusters formation. All 
of them can be mobile and promote charge transfer 
(Fig. 5). When conductivity is measured by applying a 
small alternating potential to an electrolyte, one takes 
into account the contribution of charge transfer from all 
charged mobile ions [29]. 

The most important feature that distinguishes an ion-
conducting polymer from other ionic conductors is that 
polymer electrolytes are formed when salts with low lat-
tice energy are dissolved (during dissolution, the lattice is 
destroyed and solvates or hydrates are formed) in a polar 
polymer matrix. For this reason, cations are responsible 
for direct current ionic conduction. In accordance with the 
theory of cation transport in high-molecular polymer elec-
trolytes, cations are transported over long distances only 
in a dissociative way [27]. 

The potentiostatic intermittent titration technique 
(PITT) is a powerful technique to study the thermody-
namic and transport properties of materials encountered in 
electrochemical processes. Because voltage and current 
can be controlled and measured precisely, PITT has be-
come a commonly used electroanalytical method. Specif-
ically, PITT has been used to measure the diffusion coef-
ficient of solutes in host materials as well as to obtain 
quasi-equilibrium voltage–capacity profiles of battery 
electrodes after it was first developed by Wen et al. [30] 
to study LiAl alloys. Recently, PITT has been widely ap-
plied to characterize lithium diffusion in various LIB elec-
trode materials, especially graphite negative electrodes 
and transition-metal oxide positive electrodes [31]. 

The galvanostatic intermittent titration technique 
(GITT) registers an equilibrium cycling curve; one can 
judge the kinetic properties of the system by the magni-
tude of the voltage deviation from the equilibrium value 
achieved after relaxation, when the current is applied. In 
GITT, small current pulses and register changes in poten-
tial. The imposition of a current pulse is accompanied by 
intercalation (deintercalation) of alkali metal ions into the 
electrode material, which deviates the system from equi-
librium. Noteworthy, the small deviation of the system 
from equilibrium, therefore, a single titrated pulse should 
not lead to a significant change in stoichiometry of the 
electrode materials. This is followed by switching off the 
applied current and prolonged relaxation, during which 
the electrode must reach the equilibrium value of the po-
tential corresponding to the new composition after the in-
tercalation of a small number of alkaline ions [32].  

The chemical diffusion coefficient D can be calculated 
at each step, with the following formula [30]:  

2 2
4  ,r

a

iVD
tZ F

d
S

dE E
d d

   
=    

  π δ
 (6) 

where I (A) is the electric current; rV  (cm3/mol) is the mo-
lar volume of the electrode; aZ  is the charge number; F 
(96485 C/mol) is the Faraday’s constant and S (cm2) is the 
electrode area. Besides, /dE dδ  is the slope of the coulo-
metric titration curve, found by plotting the steady state 
voltages E (V) measured after each titration step δ and 

/dE d t  is the slope of the linearized plot of the potential 
E (V) during the current pulse of duration t (s). 

Nowadays, in-situ/operando characterization becomes 
one of the most powerful as well as available means to 
monitor intricate reactions and investigate energy-storage 
mechanisms within advanced batteries, where “in-situ” 

Fig. 5. Transport of the ionic species through the electrolyte and 
the concentration profile at equilibrium, non-steady state and 
steady state conditions. Adapted from Ref. [28]. 
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means “in the original place” and “operando” refers to 
“acting like in the natural state”. Compared with tradi-
tional ex-situ techniques, in-situ/operando characteriza-
tion can not only trace the electrode changes and complete 
reactions in real time, but also realize the detection of 
some sensitive electrochemical systems. 

Because of its convenience and applicability, in-
situ/operando X-ray diffraction (XRD) has burgeoned into 
a popular and powerful method in unravelling phase tran-
sitions within various electrode compounds. While in-situ 
nuclear magnetic resonance (NMR) is capable of captur-
ing the atomic structure, local environment and dynamic 
information during charge/discharge progress. In-situ 
transmission electron microscopy (TEM) also plays an im-
portant role in studying the phase transformation and in-
terfacial property due to its superior resolution. Through 
non-invasive characterizations, the information about 
real-life evolution of electrode structures could be col-
lected under operando conditions. The electrode/electro-
lyte interface or the electrode surface is the most crucial 
region in battery studies, where complicated reactions oc-
cur, including the formation of solid electrolyte interface 
(SEI), the redox reactions of functional ions and other side 
reactions. The in-situ TEM can be utilized in probing the 
interfacial structure changes during the cycling. Along 
with component variation, the structure evolution is of 
great importance in understanding the charge-storage 
mechanism of electrode materials, especially for layered-
oxide cathodes, which needs in-situ recording of the 
changes of the microstructure and phase transition. 

Furthermore, some other in-situ techniques make much 
contribution to the surface/interface morphology research, 
such as optical microscopy, atomic force microscopy and 
scanning electron microscopy. Apart from the topographic 
information, the investigation of surface electrochemical 
properties has been attained through different in-situ meas-
urements, including synchrotron X-ray absorption spectros-
copy (XAS), Raman spectroscopy and scanning electro-
chemical microscopy (SECM). XAS is widely adopted in 
probing the local atomic arrangement and electronic struc-
ture of material surface, and Raman is adept in detecting the 
surface compounds, especially intermediate products. 
While SECM provides spatially resolved messages about 
interfacial electrochemical activity [33]. 

4. MATERIALS FOR CATHODE, ANODE AND 
ELECTROLYTE 

4.1. Cathode materials 

Among various cathode materials, LiNi0.8Co0.1Mn0.1O2 
(NMC811) has attracted much research interest due to its 
high theoretical capacity (∼280 mA∙h/g), high energy 

density (∼800 W∙h/kg) and low cost. However, wide prac-
tical use of this material is challenging. For example, in 
layered cathode materials, Li+ and Ni2+ cations mix during 
the lithiation/delithiation process due to the similar ionic 
radius, this leads to a decrease in capacity and causes de-
struction of the material surface, leading to irreversible 
phase transformation [34]. The NMC532 possess the opti-
mized composition to maintain a reasonably good thermal 
stability, comparable to the low-nickel-content materials 
(e.g., NMC333 and NMC433), while having a high capac-
ity close to the high-nickel-content materials (e.g., 
NMC811 and NMC622) [35]. Ethical concerns should be 
raised about the use of cobalt, since 70% of this element 
is found in only one country: the Democratic Republic of 
the Congo (DRC). About 90% of the cobalt in the DRC 
comes from industrial mines, but because of the low eco-
nomic level of the population, the global demand for co-
balt has attracted thousands of individuals and small busi-
nesses, and child labor and unsafe work practices are 
widespread. Chemists are exploring ways to replace cobalt 
with more common metals such as iron or manganese [36]. 

Composites based on LiFePO4 are used as electrode 
materials due to their environmental friendliness, low tox-
icity [37], and low price. However, the application of 
LiFePO4 is limited because of its low performance and low 
capacity (170 mA∙h/g), which results in significant power 
loss with increasing current density [5]. Among the ap-
proaches used to modify cathode materials based on 
LiFePO4, one should note the use of nanomaterials, the 
substitution of a part of iron ions, and the formation of 
composite materials with conductive additives. Because 
charge transfer typically occurs much faster in the inter-
grain space than in crystals, reducing the particle size and 
decreasing the diffusion path length significantly in-
creases the charge/discharge rate. To reduce the migration 
path of Li+ inside the particles, there is no need to reduce 
their size in all directions, because the diffusion of Li+ oc-
curs along one direction [5]. Various forms of carbon are 
used as additives, such as amorphous carbon, graphite, 
graphene, and carbon nanotubes. Making composites with 
carbon does not only increase conductivity, but also pre-
vents particles from sintering during annealing resulting in 
a finer material. A thin carbon layer provides accelerated 
electron transport to the LiFePO4 surface without blocking 
the transfer of lithium cations. In the case of using polyvi-
nylidene fluoride (PVDF) as a carbon source, the carbon 
coating layer can be accompanied by simultaneous doping 
of LiFePO4 particles with fluorine ions, which can en-
hance the electrochemical performance of materials based 
on LiFePO4 [37]. 

Various cathode materials have been used in LIBs, such 
as LiCoO2 (LCO), LiFePO4, LiMn2O4, LiNi0.5Mn1.5O4 
(LNMO), nickel-rich layered oxides, lithium-rich layered 



Review of Materials for Electrodes and Electrolytes of Lithium Batteries 45 

oxides (LLO), etc. [38]. Despite the fact that LCO has a 
good compaction density (∼4.2 g/cm3) and a high operating 
voltage (∼3.9 V), which provide it with a high volumetric 
energy density: the scarcity, high cost, and toxicity of cobalt 
hinder the widespread use of such materials. Low-cobalt or 
cobalt-free cathode materials are currently being developed, 
and LCO is gradually being replaced by industrial cathode 
materials such as LiFePO4, LiMn2O4 and nickel-rich lay-
ered oxides, as well as near-commercial cathode materials 
such as LLO and LNMO [39]. 

Usually, the introduction of lithium ions into the mate-
rial of a positive electrode is accompanied by a change in 
the valency of one element of the material. In lithiated co-
balt and iron oxides, the maximum change in valence is a 
unit. In vanadium oxide, the valency of vanadium can vary 
by 3 units, i.e., in Li4VO3 (this is stoichiometrically equiv-
alent to Li2O⋅Li6V2O5), 6 lithium ions are inserted per for-
mula unit V2O5). In this case, the specific capacity is 
883 mA∙h/g [40]. The graph (Fig. 6) shows the theoretical 
capacity of cathode materials for a lithium battery. 

Recently, lithium-air batteries have been considered as 
a possible replacement for LIBs because their theoretical 
capacity is much higher. Although this has stimulated in-
tensive research and commercial interest, such a battery 
has its own problems: electrolyte instability, low rate ca-
pability, low efficiency and limited life. Ref. [41] de-
scribes lithium-air battery configuration using lithium 
metal as the negative electrode, a porous high surface area 
material (e.g., carbon) as the positive electrode, and oxy-
gen as the active material. Instead of graphite anode used 
in LIB directly lithium metal can be used as an anode in 
the lithium-air battery which enhanced Li-air battery ca-
pacity 10 times higher than that of conventional LIB. Also, 

oxygen from the air can be absorbed freely into the cath-
ode of LIB leading to a huge reduction in the weight and 
the cost of the battery [42]. During discharge, oxygen is 
reduced and forms superoxide radical anions, which can 
combine with lithium ions and result in a superoxide 
(LiO2) to form the desired discharge product, lithium per-
oxide (Li2O2). These types of superoxide and peroxide 
readily degrade carbonate-based electrolytes such as ethy-
lene and propylene carbonate. For the stable operation of 
lithium-air batteries, it is important to choose the right 
electrolyte. The use of solid state electrolytes in lithium-
air batteries can solve this problem. Of the polymers stud-
ied, poly(acrylonitrile) (PAN) appears to be the most re-
active with Li2O2, while poly(vinylpyrrolidone) (PVP) the 
least. The halogenated polymers have similar reactivities, 
although at longer times, PVDF appears more reactive 
than poly(vinyl chloride) (PVC) and poly(vinylidene  
fluoride-co-hexafluoropropylene) (PVDF-HFP) [41]. 

With an ultra-high energy density of 2600 W∙h/kg, com-
bined with non-toxicity and environmental friendliness, 
lithium-sulfur batteries appear to be the most promising  
energy storage systems. However, their large-scale appli-
cation and commercialization are hindered by the low 
electronic conductivity of sulfur and Li2S, the shuttle ef-
fect of intermediate lithium polysulfides (LiPS), the volu-
metric expansion of sulfur (80%) after lithiation as well as 
the formation of lithium dendrites. In Ref. [43] the im-
provement in the performance of a sulfur cathode was 
demonstrated by incorporating metal nanoparticles into 
nanostructured carbon materials. Wang et al. [44] reported 
on high-dispersity Co nanoparticles on nitrogen-doped 
layered porous ultrathin carbon nanosheets; the Co nano-
particles exhibit a strong chemical interaction with sulfur 

Fig. 6. Theoretical capacity of various cathode materials for rechargeable lithium batteries. 
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in polysulfides. The polar Co components can catalyze 
conversion reactions in LiPS resulting in high reversible 
specific capacity and long cycle stability when using sul-
fur cathodes for lithium-sulfur batteries: the specific dis-
charge capacities was 1505 mA·h/g for 0.1 C, the Cou-
lomb efficiency is over 96% after 300 cycles [44]. 

Given the capacity limitations of oxide cathodes with 
an insertion reaction, cathodes with a conversion reaction, 
such as sulfur and oxygen, are an alternative. However, 
this type of battery, both lithium-sulphur and lithium- 
oxygen batteries have problems limiting their commercial 
application. 

4.2. Anode materials 

4.2.1. Classification 

There are three main types of anode material for LIB: 
intercalation, conversion and alloying types. The reac-
tion mechanism for intercalation-type anode materials is 
based on the intercalation and deintercalation of lithium 
ions in the crystal lattice of the host material. As a lay-
ered carbon material, graphite was the first commercial-
ized LIB anode material. Layered LiC6 can be formed by 
intercalating lithium ions. The discharge plateau of LiC6 
is below 0.2 V (vs. Li+/Li) and it has outstanding dynamic 
performance for the intercalation of lithium. However, be-
cause of the slow diffusion rate of lithium ions, the rate 
performance of graphite is not ideal. The intercalated lith-
ium potential is similar to the stripping potential of lithium 
metal and therefore lithium dendrites and solid electrolyte 
interphase (SEI) films can easily form [45].  

Conversion-type anode materials (CTAMs) mainly re-
fer to transition metal oxides, sulfides, phosphides and ni-
trogen compounds (Me = Co, Ni, Fe, Mn). The transfor-
mation reaction of metal oxides and sulfides with Li+ is as 
follows: 

MexOy + 2yLi+ + 2ye– ↔ xMe + yLi2O,  

MexSy + 2yLi+ + 2ye– ↔ xMe + yLi2S. 

Because there is no position for Li+ insertion and ex-
traction in the spatial structure of CTAMs, it is generally 
believed that the reaction with Li at room temperature is 
irreversible. CTAMs possess some advantages, such as 
composition diversity and high theoretical capacity. For 
the broad class of conversion materials, the conversion re-
dox reactions ultimately result in the formation of the me-
tallic phase. The major issues that need to be addressed if 
the conversion materials are to invoke a potential commer-
cialization claim are voltage hysteresis, long sloping re-
gions in discharge profile (voltage-dependent redox reac-
tion), inconsistent cycling stability, rate instability, and 
higher first-cycle capacity loss. Various underlying 

phenomena can be associated with these adversities, three 
of which need a mention here. They are: irreversible elec-
trolyte decomposition, incomplete back conversions, and 
the back conversion to the phases that can permit less 
Li/Na uptake than the original one [46].  

Methods for improving the performance of conversion 
anodes: particle size control, morphological control, com-
position control and composite with carbon. Particle size 
has a huge impact on the overall electrochemical perfor-
mance. Some comparative studies on the effect of particle 
size have revealed a better performance of nanosized par-
ticles than micron-sized particles. This better performance 
is due to shortening of insertion path length that Li has to 
traverse. Utilization of the bulk of the material upon 
nanostructuring leads to considerable capacity enhance-
ments. Ultrasmall nanoparticles, nanoneedles, nanorods, 
nanospindles, nanosheets, and other nanoscale architec-
tures have resulted in the enhancement of capacity by the 
complete utilization of material, harnessing the benefits 
associated with the nanomorphologies in general [47]. 
Composition has a marked influence on the overall perfor-
mance of material. Different transition-metal compounds 
with different anion species with formula MeaXb, where 
X = F, O, S, P, and H, have been shown to exhibit Li/Na 
insertion by reversible conversion reaction with a theoret-
ical capacity that is by a factor of three higher than that of 
commercial graphite. Among different conversion anodes, 
transition-metal oxides are the most explored, which in-
clude both binary and ternary oxides of 3d transition met-
als, such as Cr, Mn, Fe, Co, Ni, and Cu. Various phases of 
different binary oxides of 3d transition metals, including 
Cr, Mn, Fe, Co, and Ni, and 4d transition metals, including 
Nb and Mo, have been studied for their suitability as neg-
ative electrode in LIB. Carbon-based composites seem to 
be more promising as they possess high electrical conduc-
tivity, high surface area, and good mechanical strength. In 
addition to improving the high current performance by re-
ducing the electronic resistance, the carbon support ab-
sorbs the strain due to the volume expansion in the elec-
trode which renders better cyclic stability. 

Alloyed anode materials primarily belong to the IV 
and V groups, which include Si, Ge, Sn, Pb, P, As, Sb and 
Bi. The lithium storage mechanism is an alloying reaction 
with lithium to form a LixM alloy. The corresponding al-
loying reaction, taking Si as an example, is as follows: 

Si + 4.4Li+ + 4.4e– ↔ Li4.4Si. 

Due to the atoms of any alloy-type material theoreti-
cally holding 4.4 or 3 Li+, they exhibit very high specific 
capacities, for example, silicon (4200 mA·h/g). It has the 
highest theoretical capacity of any anode material, how-
ever, the volume changes greatly during the lithiation re-
action, resulting in the formation of a significant outward 
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stress inside the material, which causes the electrode ma-
terial to be crushed and separated from the collector in se-
rious cases. The SEI film also ruptures, exposing a new 
surface and requiring the continued consumption of lithi-
um to reform the SEI film. Thus, the cycling performance 
is relatively low [45]. 

4.2.2. Existing and promising materials 

The use of carbon as an anode material for Li-ion con-
tinues to this day due to its low cost and high cyclic stabil-
ity; however, its low capacity (372 mA∙h/g) cannot meet 
the requirements of electronic devices and electric vehi-
cles [41]. Lithium intercalation into carbon materials is a 
complex process, its mechanism and kinetics largely de-
pend on the nature of the carbon material and electrolyte. 
An obligatory condition for the normal functioning of 
LIB, which uses graphite as an anode, is the formation of 
a passivating layer on its surface from the products of the 
reduction of electrolyte components. Decomposition of 
the electrolyte leads to the formation of a surface protec-
tive film, which ensures the continuous operation of car-
bonized anodes. On the other hand, the formation of this 
film is accompanied by some irreversible initial capaci-
tance, resulting in the release of gaseous products, which 
is extremely undesirable for operation and from the point 
of view of cell safety [8]. 

The electrical conductivity of an electrode is influ-
enced by the surface area of the electrode particles; the in-
teraction of ions and electrode particles in redox is in-
creased in an electrode with a large surface area. As a 
result, it increases the number of electrons flowed by elec-
trodes or increases the electric current. One method to in-
crease the electrical conductivity is increasing the surface 
area of the electrode particles by making the particles 
small (nano/microparticles); the rearrangement of these 
particles results in a larger surface area. Conductivity is 
also influenced by porosity, which influences the extent to 
which ions can enter between particles [48]. 

Electrode materials derived from biomaterials are of 
great interest due to their high carbon content, low cost, 
and environmental friendliness. For example, in Ref. [49] 
champignons were used as an anode material without the 
use of harmful solvents or chemical activation agents. 
These new anodes contain no binder or conductive addi-
tives while achieving comparable performance to graph-
ite-based electrodes. A common microstructural feature of 
this material is nanobelts about 10 µm wide, several tens 
of microns long, and about 20–100 nm thick. The specific 
discharge capacity of this anode is 289 mA∙h/g.  

Both silicon and germanium form alloys with a high 
lithium content, with the composition Li22X5 (X = Si or 
Ge). Such alloys can be produced by electrochemical 

incorporation of lithium into Si and Ge electrodes, which 
makes them very attractive as anode materials for lithium-
ion batteries. The theoretical capacity of Si is about 
4000 mA∙h/g and 1300 mA∙h/g for Ge [50]. Although Ge 
shows a lower specific capacity, the electronic conductiv-
ity and diffusion coefficient of Li in it are almost two or-
ders of magnitude higher than that of Si. This allows con-
sidering Ge as an anode material suitable for a high power 
battery, although the cost of Ge is quite high. However, 
during cycling, a volume expansion of 300–400% occurs, 
which leads to the destruction of the electrode and a de-
crease in capacity. As quality solutions to these problems, 
in Ref. [50] it was proposed the use of a variety of 
nanostructured materials, including nanowires and nano-
particles, which can withstand large material expan-
sion/contraction during cycling. Carbon nanowalls 
(CNWs) obtained by the methods of chemical vapor depo-
sition, plasma enhanced chemicals vapor deposition were 
used as scaffolds for fabrication of multilayer composite 
electrodes based on Si and Ge. The above-mentioned ap-
proach enabled fabrication of the electrodes with specific 
capacities that retained at the level of about 2900 mA·h/g 
for Si (70% of theoretical capacity) and 1400 mA·h/g for 
Ge (80% of theoretical capacity) after 100 cycles. The ca-
pacities calculated taking the CNW weight into account 
were 465 and 440 mA·h/g for Si- and Ge-based elec-
trodes, respectively, which are higher than those for com-
mercial graphite. Scanning electron microscopy analysis 
of the electrodes suggests that the improved cyclic stabil-
ity of Si/Ge/CNW multilayer electrodes is provided by ef-
ficient mechanical stress relaxation within these films.  

Humana et al. [51] attempted to solve the problem of 
silicon-based anode destruction by creating silicon/gra-
phene composite materials. The change in the morphology 
of silicon nanoparticles — the transition to whiskers (fila-
mentous crystals) — made it possible to increase the capac-
ity to 1600 mA∙h/g for 100 charge/discharge cycles [52]. 
Also, SiO2 nanoparticles can effectively etch lithium den-
drites and slow their further growth through the solid-state 
transformation reaction. 

Tin has a specific capacity of 991 mA∙h/g, which 
makes this metal a very promising anode material [53,54]. 
In Ref. [55] SnO2 nanowires were synthesized by the ther-
mal evaporation of metallic Sn on the basis of an Au va-
por-liquid catalyst. The first capacity is 2133 mA∙h/g, 
which is much larger than the theoretical capacity of bulk 
SnO2. Carbon in SnO2 nanowires can accumulate lithium, 
but its possibilities are very limited. It has been shown that 
SnO2 nanowires can relieve stresses associated with lower 
volume change due to the formation of nanocrystalline 
particles. 

Transition metal sulfides (TMSs) have attracted signi-
ficant interest as energy storage materials for high-
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performance supercapacitors, LIBs, and fuel cells [56]. 
Cobalt sulfides are one of the most widely studied TMSs 
due to their high capacity, controllable structure, and rich 
variety of stoichiometric compositions such as CoS, CoS2, 
Co3S4, and Co9S8. However, the primary challenges faced 
by cobalt sulfide-based electrodes can be divided into the 
categories of significant volume expansion, low conduc-
tivity and dissolution of the polysulfide in organic electro-
lytes. To solve problems, TMSs uses the design of hollow 
nanostructures. It is believed that the hollow inner can pro-
vide a void space which can accommodate the volume ex-
pansion of metal sulfides and improve the Li+ access by 
decreasing the ion diffusion path length [57]. Conductive 
coatings or nanocomposites with different nanocarbon can 
be utilized to increase the conductivity of cobalt sulfides, 
and enhance the electrochemical performance [58]. Re-
cently, a MoS2 LIB anode characterized by the open struc-
ture with large interlayer spacing and high specific capac-
ity (~ 673 mA·h/g) has been developed [59]. 

4.2.3. Addition of transition metal oxide nanoparticles 
to a graphite electrode 

The way to develop electrodes with a higher capacity 
is to pack as many Li+ ions as possible into electrodes so 
that the electrochemical reaction could include a higher 
stoichiometric Li+ ratio during charging and discharging. 
As a promising alternative to commercial electrodes, 
metal oxides have long been studied as potential elec-
trode materials for LIBs [22]. The main problem of elec-
trode materials is that their structure is destroyed in the 
process of charging and discharging, which leads to the 
failure of a lithium-ion battery. Another important prob-
lem is a formation of irreversible Li2O at first cycle, that 
leads to the consumption of lithium from the cathode ma-
terial. It should be noted the whole amount of lithium is 
in the cathode, and in the case of using not intercalation 
type of anode, much more lithium is wasted. The use of 
nanoparticles of transition metal oxides can improve the 
capacitive characteristics due to a larger surface of the 
active mass of substance. Moreover, it tends to increase 
the number of recharge cycles due to the mechanical 
properties of the nanoparticles [60]. The transition to na-
noscale materials also makes it possible to enhance bat-
tery charging rates due to a decrease in the Li+ diffusion 
path and an increase in the electrode/electrolyte interface 
surface area [61]. 

Due to their promising potential, metal oxide anodes, in-
cluding their nanostructures and composites, have been ex-
tensively researched. Among various metal oxides, copper 
oxide (CuO) stands out [62–64], because it is a common el-
ement, environmentally friendly, and inexpensive. The 
maximum reversible capacity is 674 mA∙h/g. However, a 

decrease in CuO capacity results from volume changes 
(174%), weak electrical conductivity and morphological 
transformation because of mechanical aggregation during 
lithium incorporation and extraction [65]. In Ref. [66], CuO 
showed a reversible capacity 2–3 times higher that of com-
mercial graphite anode material and a cyclic performance 
higher than that of nanosized SnO2. 

The binder used in anodes also has an effect on the per-
formance of the battery. After 100 charge-discharge cy-
cles, the CuO electrode containing carbomethylcellulose 
(CMC) maintains a stable capacity of at least 200 mA∙h/g, 
and in the electrode with PVDF, the capacity drops to 
60 mA∙h/g. Presumably, CMC has better adhesion to the 
surface of Cu2O/CuO nanowhiskers, adapting to the vol-
ume expansion of the anode during cycling [67]. 

Ref. [61] presents an anode for lithium-ion batteries 
based on CuO, in which CuO nanofibers directly grow on 
a copper substrate. The main advantage of this electrode 
is that it avoids complex fabrication procedures (e.g., the 
use of a polymeric binder and conductive agent), it also 
allows to create a better electrical contact between the cur-
rent collector and the active material and increase the en-
ergy density of the electrode. Moreover, the characteristics 
of CuO nanostructures can be controlled by the synthesis 
conditions. The initial discharge capacity of the resulting 
electrode is about 970 mA∙h/g, which is more than the the-
oretical value. 

ZnO as a representative of transition metal oxides is 
widely studied in the field of optics, electronics, semicon-
ductors, molecular devices, etc., due to its availability, low 
cost, and environmental friendliness. Although ZnO has a 
theoretical capacity of 987 mA∙h/g as an anode material 
for lithium-ion batteries, it exhibits a lower reversible ca-
pacity and poorer cyclability compared to other transition 
metal oxides because of low electronic conductivity and 
large volume change of ZnO particles during the dis-
charge/charge process [68]. 

Titanium oxides with one-dimensional nanostruc-
tures are of particular importance as their unique mor-
phology provides a large specific surface area. There are 
methods for preparing nanostructured TiO2, for example, 
the treatment of TiO2 powders in NaOH solution using 
aluminum oxide, as well as the sol-gel method [69]. The 
thickness of the TiO2 nanorods obtained in Ref. [20] is 
several nanometers, which has a significant advantage, 
as it is comparable to the free path length of electrons 
and can easily diffuse into the electrode. The gradual in-
troduction of lithium into anatase TiO2 leads to an in-
crease in the lithium titanate phase and a decrease in the 
fraction of the lithium anatase phase, while the lattice 
volume grows only by 3%. Notably, the reactivity of 
TiO2 with lithium is higher than that of SiO2, considering 
a better inhibitory effect on lithium dendrites. Moreover, 
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TiO2, acting as an amphoteric oxide, can neutralize acidic 
substances in the electrolyte and reduce the loss of cathode 
materials [70]. 

One-dimensional nanostructures in the form of 
whiskers, tubes, rods, etc. better withstand the mechani-
cal stresses arising during the lithiation/delithiation pro-
cess [71,72], and provide a longer battery life. 

Fig. 7 shows the theoretical capacity of materials used 
as additives in the anode of a lithium-ion battery. 

In recent years, there has been a need for new anode ma-
terials that could serve as an alternative to traditional graph-
ite anodes, the power of which does not meet modern re-
quirements for high-performance lithium-ion batteries of a 
new generation. The aforementioned non-conventional an-
ode materials can be divided into four main categories, 
namely, alloy materials, conversion-type transition metal 
compounds, silicon-based compounds, and carbon-based 
compounds. Each of the categories has promising charac-
teristics, but also disadvantages that limit their performance. 
To solve these problems, researchers are using inert addi-
tives and developing composite anodes. 

4.3. Electrolyte materials 

Compared to the research dynamics in the field of elec-
trode materials, advances in electrolytes occur more 
slowly, while maintaining the main composition: lithium 
salt and organic carbonate solvents. This can be ex-
plained by the fact that the electrolyte components (es-
pecially solvents) are extremely sensitive to the working 
potential but not to the capacity of electrodes; therefore, 
as long as new chemical materials operate within the 
electrochemical stability window of electrolytes, no 

major changes in electrolyte composition occur. Liquid 
organic electrolytes have high ionic conductivity. This is 
a key property of the electrolyte, since ionic conductivity 
quantifies how mobile (and available) the ions are for the 
current electrochemical reaction, which partly deter-
mines the power of the cell [73]. 

Liquid electrolytes are usually obtained by dissolving 
a lithium salt in an organic solvent, they have high ionic 
conductivity (about (1–10)·10–3 S/cm) and good contact 
with the electrode. However, the safety of liquid electro-
lytes is limited, and the lithium metal anode cannot be 
used in liquid electrolyte systems because of the growth of 
lithium dendrites, which limits the energy density of bat-
teries. When liquid electrolytes are heated, the pressure of 
saturated vapors of low-boiling aprotic solvents increases 
(Table 1), which leads to side reactions with the release of 
gaseous products. Commonly used organic solvents for 
electrolytes include ethylene carbonate (EC), propylene 
carbonate (PC), dimethyl carbonate (DMC), and their 

Table 1. Melting and boiling points of some organic solvents. 

Solvent 
Melting  
temperature, °C 

Boiling  
temperature, °C 

ethylene carbonate, EC 39 248 
propylene carbonate, PC –49 240 
dimethyl carbonate, DMC 4 90 
methylethylene carbonate, 
MEC –55 109 
diethyl carbonate, DEC –43 126 
1,3-dioxolane, DOL –95 75 
1,2-dimethoxyethane, DME –58 84 

Fig. 7. Theoretical capacity of various anode materials for rechargeable lithium-ion batteries. 
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mixtures, however, they are generally flammable and in-
flammable [74]. 

The safety of the battery can be increased by replacing 
liquid electrolytes consisting of organic flammable com-
ponents with a much less flammable polymer. Another ad-
vantage of the gel-polymer electrolyte (GPE) is flexibility 
and elasticity, as well as the ability to tolerate changes in 
the volume of electrode materials. Fig. 8 shows the cur-
rently existing types of electrolytes, as well as their ad-
vantages and disadvantages. 

The transition from liquid to polymer electrolytes was 
proposed in 1978 [75] when polyethylene oxide (PEO) 
was doped with lithium salts. Unfortunately, the first gen-
eration polymer electrolytes had very low room tempera-
ture conductivity [76]. High crystallinity of PEO at room 
temperature prevents the movement of chain segments, 
and PEO ionic diffusion capability are not ideal. Many 
other types of polymers have been developed as the basis 
of electrolytes, such as PAN [77], PC [78], polymethyl 
methacrylate (PMMA) [76,79,80], PVDF [13,74], and 
PVDF-HFP [81–83]. Among them, PVDF and PVDF-
HFP materials are very promising as solid electrolytes for 
lithium batteries due to their higher dielectric constant, 
chemical stability, and higher mechanical strength [74]. 
Also, it is important to take into account the thermostable 
properties of polymers (Table 2). 

Polymer electrolytes contain both crystalline and 
amorphous regions, it is known that ion transport occurs 
mainly in the amorphous region. Applying plasticizer sol-
vents, the amorphous region can be enlarged to enhance 
the electrical conductivity of the electrolytes [29]. The 

polarity of the polymer greatly influences the interaction 
between ions, for example, PVDF has a high relative per-
mittivity of 8.3, while the dielectric constant of PEO is 
only 5. PVDF has ideal properties as a solid electrolyte: 
mechanical strength, thermal and chemical stability, in-
combustibility [74]. However, the presence of a strong po-
lar C–F bond degrades the compatibility between PVDF 
and lithium, resulting in an increase in interfacial re-
sistance. Therefore, researchers are focusing on obtaining 
a new polymer electrolyte by mixing different polymers, 
and synthesizing composite polymer electrolytes with the 
addition of inorganic fillers. 

4.3.1. Gel-polymer electrolytes 

The use of well-designed copolymers is a method to im-
prove battery performance. Yuan et al. [7] developed a 
polymer electrolyte based on a copolymer of polyvinyl 

Table 2. Melting and decomposition points of some polymers. 

Polymer 
Melting tem-
perature, °C 

Decomposition 
temperature, °C 

polyethylene oxide, PEO 65 243 
polyacrylonitrile, PAN 317 280 
polymethyl methacrylate, 
PMMA 125 270 
polyvinyl chloride, PVC 150 110 
polyvinylidene fluoride, PVDF 177 382 
poly(vinylidene fluoride-co-hexa-
fluoropropylene), PVDF-HFP 114 330 

Fig. 8. Types of electrolytes, their advantages and disadvantages. 
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chloride and polyacrylic acid PVC/PAA. PAA has high 
mechanical strength, in addition, there are many polar 
groups on PAA polymer chains, where the effective dis-
tance between carboxyl groups (–COOH) can be con-
trolled by copolymerization with other monomers. The 
proton on the carboxyl groups was replaced by a lithium 
ion, which increased the content of lithium ions in the 
electrolyte and improved the affinity for the electrolyte. 
The resulting GPEs do not only show high tensile strength 
and elongation, but also stabilize the Li metal anode due 
to a more uniform and faster Li-ion transport. 

In Ref. [12], PMMA polymer was added to PVDF, 
which led to a decrease in crystallinity. Luo et al. [83] 
demonstrated that the crystallinity of GPE reduces, when 
PVDF is copolymerized with HFP, the affinity for liquid 
electrolyte and the electrochemical stability are better 
compared to pure PVDF GPE. They also described a 
method for forming an interpenetrating polymer (IPN), 
which is a semi-interpenetrating network consisting of a 
crosslinked and a linear polymers. This can not only re-
duce crystallinity, but also improve the compatibility of 
immiscible phases. Yao et al. compared a gel-electrolyte 
based on PVDF and dimethylformamide (DMF) at differ-
ent drying temperatures [84]. The electrolytes dried at 
60 °C contained 23% DMF and had an ionic conductivity 
of 0.12·10–3 S/cm at room temperature. When the drying 
temperature was raised to 80 °C and 100 °C, the DMF 
content was only 6.3% and 3.3%, while the ionic conduc-
tivity decreased by two orders of magnitude. These results 
suggest that the solvent content has a critical effect on the 
ionic conductivity of GPE. 

While most previous research has tended to suggest 
that cyclic carbonate molecules (EC, PC) are preferred 
due to their higher dielectric constant and dipole mo-
ment, others have argued that this preferred solvation 
(electrostatic interaction between particle ions, solute 
molecules substance and solvent) does not exist. Using 
nuclear magnetic resonance Matsubara et al. [85] com-
pared several solvents and determined that Li+ solvation 
does occur and the relative competitiveness of each sol-
vent with respect to penetration into the Li+ primary sol-
vation shell appears to be related to their density rather 
than their dielectric constant. The research results [86] 
confirmed that cyclic carbonate solvents are preferred for 
the primary solvate shell of Li+, while neither the types 
of salts nor their concentrations have a significant effect 
on this trend. 

Compared to PAN-based GPE, PMMA-based GPE 
has better interfaces with respect to lithium electrodes, 
however, it has weak mechanical properties. Plasticized 
PMMA-based polymer electrolytes are more conductive 
than a plasticizer-free sample. Ionic conductivity peaks at 
1.28∙10–4 S/cm for PMMA/LiN(SO2CF3)2/EC (weight 

composition 80% (85% PMMA + 15% LiN(SO2CF3)2) : 
20% EC) and 2∙10–4 S/cm for PMMA/LiN(SO2CF3)2/ 
EC/PC (weight composition 70% [80% (85% PMMA + 
15% LiN(CF3SO2)2) + 20% EC] : 30% PC). This indi-
cates that the physicochemical properties of individual plas-
ticizers, such as high dielectric constant EC (ε = 85.1), PC 
(ε = 69.0) and low freezing point PC (−49 °C) significantly 
contribute to the improvement of conductivity characteris-
tics. The addition of a plasticizer also reduces the chance of 
ion pairing. The high dielectric constant of EC effectively 
reduces the interionic Coulomb interactions, which leads to 
an increase in the conductivity of Li+. In addition, the mix-
ture of EC and PC has a dielectric constant of 87.2 at 25 °C, 
which is higher than either alone [60]. 

Being a thermoplastic polymer, PMMA acts as a scaf-
fold for the gel electrolyte. When PMMA is added in ex-
cess of ∼20 wt.%, liquid electrolytes completely trans-
form into a gel. With further addition of PMMA, the 
electrolyte hardness increases, which leads to a decrease 
in conductivity. In addition, an important observation was 
recorded — the electrical conductivity of GPE containing 
PMMA (up to 10 wt.%) is slightly higher than that of liq-
uid electrolytes without PMMA. The movement of poly-
mer chains leads to local vibrations, and this leads to fur-
ther dissociation of ion pairs and an increase in ion 
mobility, resulting in higher conductivity [79]. 

Ionic liquids are other promising area. In Ref. [87], a 
GPE was synthesized containing the ionic liquid 1-ethyl-
3-methylimidazolium-bis(trifluoromethylsulfnyl)imide 
(EMITFSI). The addition of EMITFSI to the PVDF-HFP-
LiTFSI polymer electrolyte improves the ionic conductiv-
ity to 2.11·10–3 S/cm, while the electrochemical window 
is 4.6 V. The high temperature of 80 °C do not signifi-
cantly affect the battery cycling. 

The great advantage of GPE is that it combines the 
characteristics of a polymer matrix (mechanical stability, 
flexibility) with excellent ionic conductivity close to that 
of liquid electrolytes. The following polymers are most 
widely used in the manufacture of GPE: PEO, PMMA, 
PAN, PVDF/PVDF-HFP. Moreover, due to their unique 
advantages, these GPEs are also promising for flexible and 
wearable electronic devices. Currently, many attempts are 
being made to develop new GPEs and improve their per-
formance, for example, by forming composites, which 
will be discussed below. 

4.3.2. Metal oxide nanoparticles in GPE 

An inorganic filler typically includes inert materials 
(e.g., TiO2, SiO2, Al2O3, etc., which are non-ionic con-
ductive fillers) and active fast ionic conductors (e.g., 
LATP (lithium aluminium titanium phosphate) and 
LLZTO (lithium lanthanum zirconium tantalum oxide), 
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also known as conductive ceramics). They can interact 
with lithium ions and polymers, reducing the crystalliza-
tion of polymers and increasing the movement of chain 
segments, which contributes to better diffusion of lithi-
um ions. These inorganic materials have high hardness, 
forming a composite system that can improve the poly-
mer mechanical properties. It is useful for inhibiting the 
growth of lithium dendrites [52,88] and preventing dam-
age to electrolytes during manufacturing and assembly. 
In Ref. [84] palygorskite ((Mg,Al)2Si4O10(OH)) nano-
wires (50 nm in diameter and ~1 μm in length) were 
added to GPE, which significantly increased the elastic 
modulus (from 9 MPa to 96 MPa) and yield strength 
(from 1.5 MPa to 4.7 MPa), which contributed to the in-
hibition of dendritic growth. The Li-ion transference 
number increased from 0.21 to 0.54, which means an im-
provement in cycle performance. Batteries assembled 
from this electrolyte with Li(Ni1/3Mn1/3Co1/3)O2 cathode 
and lithium anode could be cycled more than 200 times 
with 97% capacity retention. The cycling protocol was 
0.1 C for three cycles, followed by 0.3 C between 4.2 and 
3.0 V. The specific capacity remains at 118.1 mA·h/g af-
ter 200 cycles. 

The addition of an inorganic filler affects the mechan-
ical and electrical properties of electrolytes; however, it is 
important to consider their concentration. Several works 
consider the influence of the concentration of an inorganic 
filler. 

Dorogov et al. [89] studied the effect of the concentra-
tion of CuO nanoparticles (< 50 nm) in a PVDF-based 
electrolyte on battery performance. Specific ionic conduc-
tivity for a sample containing 0.1 wt.% CuO nanoparticles 
was 5.85·10–3 S/cm, which is a high conductivity compa-
rable to that of liquid electrolytes. Batteries with an elec-
trolyte containing a high concentration of nanoparticles 
quickly failed, probably because of electronic breakdown 
between the electrodes. It was shown that the concentra-
tion of copper oxide nanoparticles in the electrolyte does 
not significantly affect the ionic conductivity, but affects 
the service life (increases the number of charge/discharge 
cycles while maintaining the capacity level). 

The article [90] describes the preparation and charac-
terization of a nanocomposite polymer electrolyte based 
on PVDF-HFP with SiO2 nanoparticles (12 nm with sur-
face area of 200 m2/g) as a filler. The electrolyte with 
2.5 wt.% SiO2 showed a conductivity of 1.16·10–3 S/cm at 
ambient temperature. It was found that a filler content of 
more than 2.5 wt.% lowers the conductivity of the electro-
lyte. This suggests that the movement of molecules in 
composite polymer systems is hindered above a certain 
filler concentration. A higher viscosity of the polymer me-
dium leads to a decrease in ion mobility, which leads to a 
decrease in conductivity. The increase in viscosity can be 

attributed to the strong interaction between the particles of 
the filler and the polymer matrix, which slows segmental 
movement of the polymer chain.  

The electrolyte based on PVDF/PVC and LiBOB salt 
was doped with ZrO2 (20–30 nm with surface area of 35–
45 m2/g). A mixture of composite polymer electrolytes 
was prepared using the method of casting from a solution 
with a change in the concentration of the filler. The maxi-
mum conductivity of 4.38∙10–4 S/cm was obtained with a 
filler content of 2.5 wt.%. A further increase in the filler 
content tends to decrease the conductivity. This may be 
due to the aggregation of nanoparticles, which strongly in-
teract with polymer chains. A slight improvement in con-
ductivity was observed above 7.5 wt.%. An increase in 
ionic conductivity occurs due to a decrease in the crystal-
line phase of the polymer; therefore, the ionic conductivity 
of the polymer electrolyte can be improved by increasing 
the amount of lithium ions. The activation energy of ion 
transfer is maximum for electrolytes without a filler and 
increases from 2.5 to 7.5 wt.% and again decreases by 
10 wt.% [91]. 

TiO2 effectively affects the crystallinity of PVDF by 
lowering the glass transition temperature, thereby increas-
ing miscibility and improving mechanical stability. How-
ever, studies have shown that an excess content of TiO2 
leads to phase separation and a decrease in the conductiv-
ity of the lithium ion [92]. In Ref. [93] it was found that 
AlPO4 nanoparticles have the ability to increase the 
amount of transported Li+ ions and stabilize the electrode-
electrolyte interface. The addition of TiO2 nanoparticles to 
the PVDF/HFP polymer matrix together with polyphe-
nylene isophthalamide nanofibers leads to an increase in 
ionic conductivity and electrochemical stability of the lith-
ium-sulfur battery due to the prevention of the formation 
of lithium dendrites and the transfer of sulfur compounds 
[94]. 

Chitin, which is the most abundant biopolymer after 
cellulose, has low toxicity, biodegradability, and antibac-
terial activity. Stefan et al. [95] used nanochitin as a new 
inert filler in the PEO-LiPF6 electrolyte. Incorporation of 
chitin enhances the ionic conductivity up to one order of 
magnitude. The tensile strength of the polymeric film was 
increased from 1.9 MPa (89% PEO + 5% LiPF6) to 
2.6 MPa (85% PEO + 10% chitin + 5% LiPF6). Further 
addition of chitin also increases its modulus value from 
2.6 MPa to 3.3 MPa (75% PEO + 20% chitin + 5% LiPF6). 
However, the total elongation to failure decreased from 
22% (without chitin) to 12% (20% chitin) and maximum 
elongation to failure (~30%) was observed in sample with 
10 wt.% chitin. However, at higher concentrations of chi-
tin, the tensile strength decreases. Differential scanning 
calorimetry data showed that the sample without chitin has 
a glass transition temperature at –72 °C and a melting 
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point at 55 °C, while sample with 10 wt.% chitin showed 
a higher temperature inflection with an increase of about 
9 °C (i.e., –63 °C) and a slightly higher melting point. The 
addition of chitin fillers has little effect on the glass tran-
sition. Thermogravimetric–differential thermal analysis 
indicated that the decomposition of chitin free sample 
starts at approximately 210 °C, while the decomposition 
of sample with 10 wt.% chitin begins at 290 °C. The in-
clusion of chitin improved the ionic conductivity, thermal 
stability, and mechanical properties of the electrolyte [82].  

In the presence of fillers, the diffusion of the Li+ ion 
is enhanced, since the fillers increase the free volume of 
the polymer chain. It should be noted that the mechanism 
of polymer crystallinity reduction does not depend on the 
chemical nature of the filler, but on the size, volume frac-
tion, and shape of the filler [96]. The quantitative content 
of fillers to achieve optimal diffusion of the Li+ ions will 
differ for different particle sizes. Inert fillers such as 
TiO2, SiO2 are often used in amounts as low as few per-
cents to achieve optimum ionic conductivity. However, 
as the content of the inert filler increases, the mechanical 
strength of the polymer membrane decreases. On the 
contrary, active fillers such as LLZO, LAGP, etc. have 
high ionic conductivity and can participate in the 
transport of Li+ ions, therefore, with an increase in the 
active filler content, the conductivity can increase ac-
cordingly. Therefore, depending on the properties and 
content of the active filler and polymer, the optimal con-
tent for achieving the maximum electrical conductivity 
is different [97]. The inclusion of a filler in the GPE can 
suppress the formation of lithium dendrites by improving 
the mechanical properties of the polymer matrix, as well 
as due to the formation of a uniform flow of Li+ ions at 
the Li-metal/electrolyte interface [98].  

4.3.3. Effect of lithium salt 

The choice of salt for any electrolyte is primarily based on 
their physicochemical properties: solubility, degree of 
electrochemical dissociation, ionic mobility, transfer num-
ber. It is also important to consider thermal and electro-
chemical stability, toxicity, and cost. 

Perfluoroalkyl sulfonic-type conductive salts, such 
as LiTF (LiSO3CF3), LiTFSI (LiN(SO2CF3)2), LiBETI 
(LiN(SO2C2F5)2), have good solubility, high ionic con-
ductivity, and electrochemical stability [73]. The larger 
the lithium salt anion, the higher the ionic conductivity is. 
Therefore, an anion with a well-delocalized negative 
charge and low basicity is preferable for high ionic con-
ductivity and plays a dominant role in the reaction. The 
ion mobility increases with decreasing anion size in the 
series: LiBF4 > LiClO4 > LiPF6 > LiTf > LiTFSI [99]. But 
compared to LiBF4, LiClO4 has a strong oxidizing power, 

making it unsafe to use in LIB. Despite the high ionic con-
ductivity of LiPF6, it easily decomposes in the presence of 
moisture and reacts with electrolytes at elevated tempera-
tures forming HF. This salt can spontaneously decompose 
into LiF and PF5. In addition, P–F bonds are very sensitive 
to traces of moisture in the electrolyte solvent. Therefore, 
HF is inevitably present in all LiPF6 solutions, which 
causes the transition metal cations of the cathode materials 
to dissolve and leads to a decrease in capacity [100]. 

When the LiTFSI salt is added, the decomposition 
temperature of the electrolyte decreases and a weight loss 
above 150 °C is observed due to the decomposition of the 
LiTFSI. The higher thermal stability of this electrolyte al-
lows operation of a lithium battery even at temperatures 
above 80 °C. The behavior of ions in electrolytes in terms 
of conductivity usually obeys Vogel–Fulcher–Tammann–
Hesse equation, from which it can be concluded that the 
conductivity increases with increasing temperature. This 
indicates the absence of a physical transition or segrega-
tion phenomenon occurring within the temperature range 
under study [101]. 

Goncalves et al. reported on a solid polymer electro-
lyte based on a PVDF-HFP and LiTFSI copolymer and 
evaluated the effect of LiTFSI content on ionic conductiv-
ity [102]. This work showed that PVDF material as a solid 
electrolyte has a certain effect on the dissociation of lithi-
um salt. However, a pure polymer with a lithium salt sys-
tem has difficulties to meet the needs of ion transport. The 
performance of a battery made with such electrolytes is 
worse than with organic liquid electrolytes. Another prob-
lem is that polymers are much less thermally stable than 
inorganic materials and can ignite as well as decompose at 
high temperatures. The main strategy is to combine the 
polymer with other materials or add inorganic materials to 
the polymer base, so that the solid electrolyte has the ad-
vantages of both, with good mechanical properties and in-
terfacial compatibility, while significantly improving 
ionic conductivity [74].  

Salt concentrations directly affect the solvation of Li+ 
ions in solution, as well as other electrolyte properties, in-
cluding the formation of interfacial boundaries. In most 
non-aqueous electrolyte solutions, the maximum conduc-
tivity occurs at a salt concentration of about 1 M [103]. 
However, high electrolyte conductivity does not neces-
sarily mean high Li+ content. 

4.3.4. Solid polymer electrolytes and ceramic  
electrolytes 

The first solid polymer electrolyte (SPE) for lithium en-
ergy was proposed by Armand and Duclot in 1978 [75]. 
SPE is used for batteries that can operate in harsh environ-
ments due to a high modulus of elasticity, good thermal 
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and chemical stability, and a wide electrochemical win-
dow. The interest in SPE development is fueled by new 
high-performance materials, stringent safety regulations, 
and new applications [104]. Ionic conductivity in SPE is 
assumed to occur in the amorphous and crystalline phases: 
in the amorphous phase, the segmental motion of polymer 
chains promotes the migration and jumping of alkali metal 
ions from one coordination center to another; in the crys-
talline phase, conductivity occurs through ordered do-
mains, polymer chains, and anions. In this regard, there is 
a special interest in amorphous polymer electrolytes, for 
example, polyester diacrylates [105]. 

To improve ionic conductivity and thermal stability, 
PMMA and SiO2 aerogel were added to SPE based on 
PEO/EC/LiClO4. SPE with PEO:PMMA ratio of 8:1 and 
8 wt.% SiO2 aerogel showed high electrical conductivity 
(1.35·10–4 S/cm at 30 °C) and good mechanical stability. 
Thus, SiO2 aerogels with high specific surface area and 
mesoporosity can play an important role in the develop-
ment of solid polymer electrolytes with an improved struc-
ture and stability [9]. 

Sulfide electrolytes belong to the class of electrolyte ma-
terials with the highest ionic conductivity (3.96·10–3 S/cm). 
Solid sulfide electrolyte Li10SnP2S12 (LSPS) has attracted 
wide attention due to its low manufacturing cost and out-
standing performance. However, its ionic conductivity 
and resistance to lithium and air needs to be improved. The 
introduction of oxygen into sulfide electrolytes can be a 
way to increase the ionic conductivity of sulfides as well 
as to improve electrochemical stability. The exposure of 
Li10Sn0.95P2S11.4O0.5 (LS0.95PSO0.5) to air decreases ionic 
conductivity, which proves that doping with O improves 
the stability of the electrolyte in air. Given that the chem-
ical bond between Sn and O is stronger than between Sn 
and S, oxygen substitution is expected to improve thermo-
dynamic stability. Cells with electrolytes LSPS and 
LS0.95PSO0.5 were cycled. The increase in the number of 
cycles raises the polarization voltage of LSPS, which in-
dicates a more complex interfacial reaction between LSPS 
and lithium metal. Therefore, LS0.95PSO0.5 has a better 
electrochemical lithium resistance than LSPS. The 
LS0.95PSO0.5 battery consumes less capacity during the first 
charge-discharge process, which indicates fewer side reac-
tions at the electrode/electrolyte interface. Although the dis-
charge capacity decreases with cycling, the introduction of 
oxygen into sulfide electrolytes may be a way to improve 
ionic conductivity and electrochemical stability [106]. 

In article [107] ceramic electrolyte Li2O–Al2O3–P2O5–
B2O3–K2O was synthesized, studied and optimized. Ther-
mal treatment of samples is a necessary operation that 
should be carefully controlled in the synthesis of a solid 
electrolyte. During heat treatment, defects appear and af-
fect the electrical conductivity of the material. According 

to measurements, heat treatment of samples at 900 °C 
provides the best values of electrical conductivity up to 
4.28 10–4 S/cm. 

Currently, research on inorganic electrolytes is mainly 
focused on oxide materials, such as Li1.3Al0.3Ti1.7(PO4)3 
(LATP) and Li6.5La3Zr1.5Ta0.5O12 (LLZTO). They have 
excellent thermal stability and safety. Their high modulus 
of elasticity helps suppress the growth of lithium den-
drites. However, the high hardness and high modulus of 
elasticity also make it difficult for inorganic electrolytes 
to come into close contact with the electrode. Reducing 
the thickness of solid inorganic materials is considered an 
effective strategy to address these limitations [74]. 

In Ref. [108] it was proposed to use potassium lithio-
stannate KLiSnO2 with a sufficiently high potassium ion 
conductivity, but the presence of easily reduced Sn4+ cati-
ons in the composition challenges its use as a solid elec-
trolyte in high-temperature batteries (e.g., conductivity of 
84% dense ceramics at 227 °C is 0.23 S/m). The problem 
was solved by replacing the Sn4+ cation with Zr4+. The 
structural properties of the K2O–Li2O–ZrO2 composite are 
very different from the layered potassium lithiostannanate. 
The absence of wide channels in it complicates cationic 
transport, but its ability to selectively absorb carbon diox-
ide promises further research [109]. 

Most of the electrolytes used in commercial batteries 
today are non-aqueous organic solutions. GPEs have 
many properties of interest for safer and environmentally 
friendly batteries. To improve the properties of such elec-
trolytes and use them in commercial rechargeable batter-
ies, further optimization of the composition should be car-
ried out: electrolyte components, metal salts, solvents and 
additives. 

Liquid electrolytes have high energy density, superb 
contact with electrode and excellent rate capability, but 
demonstrate low safety, poor electrochemical stability and 
the inevitable growth of dendrites. On the contrary, solid 
electrolytes have high safety, block the growth of den-
drites, but have poor cyclicity, low ion conductivity and a 
weak electrode interface. GPEs combine the advantages of 
both solid and liquid electrolytes, they demonstrate excel-
lent flexibility, processability, improve safety features, 
minimize the dendrite growth and enhance resistance to 
variation. 

5. ALTERNATIVES TO LITHIUM IN ENERGY 
STORAGE DEVICES 

The scale of lithium-based devices production may exhaust 
this material in future [110]. Lithium demand is forecast to 
increase by 11 times between 2020 and 2030 [111]. The key 
drivers are the expected transition to green and renewable 
energy, the ubiquity of portable electronic devices and the 
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growing popularity of electric vehicles. The main alterna-
tives to lithium are sodium, potassium, and magnesium. The 
characteristics of these metals are presented in Table 3. 

5.1. Sodium-ion batteries 

In the 90s of the XX century as a cheap alternative to LIBs 
sodium-ion batteries were developed. Many years later in 
2015, Faradion Ltd showcased their first product as an  
e-bike, powered by sodium-ion batteries with an energy 
greater than 400 W∙h per pack. This battery had 
NaaNi1−x−y−zMnxMgyTizO2 layered oxides (130 mA∙h/g) as 
the cathode and hard carbon anode (230 mA∙h/g) [113]. A 
sodium-ion battery is almost identical to a LIB in terms of 
electrical characteristics, but it has a number of advantages 
over it: 

1. The cost of the materials used in it is much lower, 
because sodium is about 100 times cheaper than lithium; 

2. Sodium-ion batteries are safer as they are less likely 
to explode and ignite compared to LIBs; 

3. In sodium-ion batteries, unlike LIBs, both aqueous 
and non-aqueous electrolytes can be used. The limited 
electrochemical stability window of water results in lower 
voltage and limited energy density sodium-ion batteries 
when using aqueous electrolytes; 

4. The ability to store sodium-ion batteries at a charge 
level of 0%, while for lithium-ion batteries, the charge 
level must be at least 30% [114]. 

The main problems in the use of sodium-ion batteries 
are the high value of irreversible capacity, its decrease as 
a result of cycling, and low values of electronic and ionic 
conductivity [115]. The key point of the electrochemical 
process is the incorporation of ions into the electrode. The 
faster and easier it passes, the greater the instantaneous 
power can be. If the process is slow, the battery will not 
be able to provide the current needed to operate the device. 
This is precisely the difficulty in developing a sodium-ion 
battery. A conventional carbon electrode is not suitable 
because sodium ions due to their size, do not integrate well 
into the graphite structure. 

In this regard, hard carbon (HC) has attracted particu-
lar attention as a promising anode material. Hard carbon 
is mostly known as non-graphitable carbon, it is composed 

of disordered turbostratic nanodomains and has no c-di-
rection ordering. The exact structure, the size of the graph-
ite microcrystalline zone, the number of carbon layers and 
nanopores depend on the carbonization temperature [116]. 

Stevens and Dahn [117] were the first to report the use 
of HC as an anode with a high reversible capacity of more 
than 300 mA∙h/g. In recent years, the properties of HC an-
odes have improved rapidly. Nitrogen-doped HC with a 
soybean residue was described in Ref. [118], as well as ni-
trogen-doped amorphous carbon nanofibers obtained from 
chitin were used as anodes in Ref. [119]. Unfortunately, 
the practical use of solid carbon anodes is largely limited 
by their low initial Coulomb efficiency.  

As cathodes for Na-ion battery, layered oxides, ana-
logues of Prussian Blue (PBA), and polyanions are promis-
ing materials [113]. 

5.2. Potassium-ion batteries 

Potassium is an attractive alternative to lithium as an an-
ode. K+ ions exhibit faster ionic diffusion in electrolytes 
due to weaker interaction with solvents and anions than 
that of Li+ ions [120]. However, its use is complicated by 
the growth of dendrites and the increase in volume during 
cycling. Second, the low diffusivity of K+ in the solid elec-
trode materials constitutes limitations on the rate perfor-
mances. Finally, the electrolyte in potassium-ion batteries 
suffers from severe decomposition and several parasitic 
reactions due to the low potential of K+/K redox [121]. To 
circumvent these problems, Ref. [122] proposed the syn-
thesis and application of nitrogen and zinc doped porous 
carbon nanofibers that act as a matrix for potassium metal. 
Experimental and theoretical measurements show that car-
bon nanofibers induce a uniform distribution of potassium 
and prevent the growth of dendrites during cycling. Car-
bon material with potassium was tested as a negative elec-
trode in combination with a sulfur-based positive elec-
trode and a non-aqueous electrolyte solution in a coin cell, 
the average voltage was 1.6 V, the capacity was about 
470 mA∙h/g after 600 cycles at room temperature. Numer-
ous studies have focused on optimizing the potassium-
containing composition analogues by doping them with 
Fe, Co, Ni, Zn and Mn ions. Huang et al. [121] synthesized 
a multivariate potassium-containing analogues with Ni, 
Co, and Fe by controlling the Co and Fe content through 
the synthesis conditions. This cathode could deliver a dis-
charge capacity of up to 135 mA∙h/g. 

In Ref. [123] a full K-ion battery was constructed from 
commercial Bi as the anode, 1.0 M of KPF6 in dimethoxy-
ethane as electrolyte, and Prussian Blue K0.72Fe[Fe(CN)6] 
as the cathode. The battery demonstrated a high capacity 
retention of 86.5% after 350 cycles and a high energy den-
sity of 108.1 W∙h/kg at a power density of 566 W/kg. 

Table 3. Characteristics of some metals used in batteries [112]. 

Characteristic Metal 
Li+ Na+ K+ Mg2+ 

Cation radius, Å 0.76 1.02 1.38 0.72 
Prevalence in the Earth's 
crust, ppm by mass 20 23000 21000 23000 
Theoretical specific  
capacity, mA∙h/g 3862 1166 686 2205 
Redox potential vs SHE in 
aqueous medium, V –3.04 –2.71 –2.93 –2.37 
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5.3. Magnesium-ion batteries 

Magnesium is also a promising material for a post-lithium 
battery: its melting point is higher, it retains a charge 
longer, and the energy density of such a battery can be five 
times higher than that of lithium-ion. Magnesium practi-
cally does not form dendrites, which allows the battery not 
to lose its properties over many cycles. A promising ma-
terial for the cathode of a magnesium battery can be com-
posite MgCr2O4 [124]. 

The disadvantage of magnesium batteries is a film sim-
ilar to the one in LIBs, which is formed on the surface of 
the magnesium anode when cycling in organic solvents. 
The problem of film formation at the anode can be avoided 
by switching from magnesium to magnesium-ion batter-
ies, based on the fact that magnesium ions are reversibly 
introduced into the anode and cathode materials [125]. 
Currently, work is underway to find the most suitable ma-
terial for anodes of magnesium-ion batteries (MIB). Some 
materials, for example bismuth and tin, have shown good 
properties, such as low reduction potential and relatively 
high theoretical specific capacity, but yet they are far from 
being used in practical application systems due to their 
poor electrochemical stability during long-term cycling. 
Thus, dual-phase alloy anodes have been proposed as a 
possible solution, and in many cases, they have shown su-
perior properties compared to both bismuth and tin alone, 
mainly due to the better kinetics and high reversibility that 
the dual phase provides [126]. Other problems hindering 
the development of MIBs include obtaining suitable chlo-
ride-free electrolyte solutions with wide electrochemical 
windows, in which magnesium can behave reversibly, and 
the development of new cathodes that are less sensitive to 
the composition of electrolyte solutions. 

Because of low diffusion kinetics and strong polariza-
bility of the electrode and, therefore, low performance of 
magnesium-ion batteries, research is being conducted in the 
field of hybrid materials. Ref. [111] reported on the devel-
opment of a magnesium/lithium-ion battery with Mg2+ and 
Li+ as charge carriers. However, such a battery has not 
reached the operating electrochemical characteristics yet. 

6. SUMMARY 

The wider use of LIBs is limited by issues of safety and 
cost of the materials used. The safety and performance of 
LIBs can be greatly improved by careful selection of elec-
trode, separator, and electrolyte materials, and by optimiz-
ing battery design. Although LIBs have improved a lot 
since their invention in the early 1970s, even today's com-
mercial LIBs do not meet all of current consumer needs. 

For LIBs, new materials such as transition metal ox-
ides have a high potential as an anode substance. Also, 

some widely used electrode materials have been success-
fully modified by doping, coating, and combination with 
other materials. Modern electrolytes based on carbonate 
esters are widely used, but do not meet most of the re-
quirements for advanced LIB. They have a narrow oper-
ating temperature range of −20  to +50 °C, a limited 
4.3 V operating window, and are highly flammable. 
Composite GPEs, which combine the advantages of solid 
and classical liquid electrolytes, are promising. A wide 
range of possible fillers for GPE opens up a lot of scope 
for creativity. Thus, the advent of new electrode materi-
als and electrolytes may have great potential to make 
LIBs more efficient. 

Sodium- and potassium-ion batteries based on cheap 
sodium and potassium resources are likely to offer a sig-
nificant cost advantage for stationary applications such as 
electrical grids. In addition to price, another driving force 
behind the development of post-lithium technologies is the 
need for higher energy density to meet the needs of elec-
tric vehicles, including electric cars, electric omnibus and 
electric aircraft. The use of GPE or SSE also improves bat-
tery safety by preventing electrolyte leakage or fire. 

Mg-based batteries have the potential to provide a 
unique combination of high energy density and low cost 
as a post-lithium technology. However, MIBs that have 
been studied to date do not meet researchers and consum-
ers’ expectations as high energy density devices. 

The fact that some of the problems are based on the 
same scientific principles and can be studied using similar 
LIB approaches may accelerate the development of post-
lithium technologies. In summary, LIBs are still efficient 
and reliable energy storage systems and are widely used in 
portable electronics and electric vehicles. 

ACKNOWLEDGEMENTS 

The work was carried out with the support of the Ministry 
of Science and Higher Education of the Russian Federa-
tion (agreement No 075-15-2021-1349). The authors 
would like to appreciate Reviewers for their constructive 
suggestion and discussion for the review paper. 

REFERENCES 

[1] O. Javed, R.B. Abd Aziz, Review: Two-Dimensional 
Layered Material Based Electrodes for Lithium Ion and 
Sodium Ion Batteries, in: Technological Advancement 
in Instrumentation & Human Engineering. ICMER 
2021. Lecture Notes in Electrical Engineering, vol. 882, 
ed. by M.H.A. Hassan, M.H. Zohari, K. Kadirgama, 
N.A.N. Mohamed, A. Aziz, Springer, Singapore, 2023, 
pp. 399–418. 

[2] J. Libicha, M. Sedlaříkováa, J. Vondráka, J. Mácaa, O. 
Čecha, Lithiated natural graphite in lithium-ion cell, ECS 
Trans., 2017, vol. 81, no. 1, pp. 87–95.  

https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1007/978-981-19-1577-2_30
https://doi.org/10.1149/08101.0087ecst
https://doi.org/10.1149/08101.0087ecst
https://doi.org/10.1149/08101.0087ecst


Review of Materials for Electrodes and Electrolytes of Lithium Batteries 57 

[3] X.-B. Cheng, R. Zhang, C.-Z. Zhao, Q. Zhang, Toward safe 
lithium metal anode in rechargeable batteries: a review, 
Chem. Rev., 2017, vol. 117, no. 15, pp. 10403–10473. 

[4] M.S. Whittingham, Electrical energy storage and inter-
calation chemistry, Science, 1976, vol. 192, no. 4244, 
pp. 1126–1127. 

[5] R.R. Kapaeva, S.A. Novikova, T.L. Kulovab, A.M. Skund-
inb, A.B. Yaroslavtseva, Synthesis of LiFePO4 
nanoplatelets as cathode materials for Li-ion batteries, 
Nanotechnol. Russ., 2016, vol. 11, no. 11–12, pp. 757–760. 

[6] D. Rehnlund, F. Lindgren, S. Bohme, T. Nordth, Y. Zou, 
J. Petterson, U. Bexell, M. Bomas, K. Edstrom, L. Ny-
holm, Lithium trapping in alloy forming electrodes and current 
collectors for lithium based batteries, Energy Environ. Sci., 
2017, vol. 10, no. 6, pp. 1350–1357. 

[7] J.-J. Yuan, C.-C. Sun, L.-F. Fang, Y.-Z. Song, Y. Yan, Z.-
L. Qiu, Y.-J. Shen, H.-Y. Li, B.-K. Zhu, A lithiated gel 
polymer electrolyte with superior interfacial performance 
for safe and long-life lithium metal battery, J. Energy 
Chem., 2021, vol. 55, pp. 313–322. 

[8] C. Vincent, Lithium batteries: a 50-year perspective, 
1959–2009, Solid State Ionics, 2000, vol. 134, no. 1–2, 
pp. 159–167. 

[9] Y. Lim, H.-A. Jung, H. Hwang, Fabrication of PEO-PMMA-
LiClO4-based solid polymer electrolytes containing silica 
aerogel particles for all-solid-state lithium batteries, 
Energies, 2018, vol. 11, no. 10, art. no. 2559. 

[10] H.T.T. Le, D.T. Ngo, R.S. Kalubarme, G. Cao, C.-N. 
Park, C.-J. Park, Composite gel polymer electrolyte based 
on poly(vinylidene fluoride-hexafluoropropylene) 
(PVDF-HFP) with modified aluminum-doped lithium 
lanthanum titanate (A-LLTO) for high-performance 
lithium rechargeable batteries, ACS Appl. Mater. 
Interfaces, 2016, vol. 8, no. 32, pp. 20710–20719. 

[11] L. Liu, P. Yang, L. Li, Y. Cui, M. An, Application of 
bis(trifluoromethanesulfonyl)imide lithium-N-methyl-N-
butylpiperidinium-bis(trifluoromethanesulfonyl)imide-
poly(vinylidene difluoride-co-hexafluoropropylene) ionic 
liquid gel polymer electrolytes in Li/LiFePO4 batteries at 
different temperatures, Electrochim. Acta, 2012, vol. 85, 
pp. 49–56. 

[12] J. Liu, M. Liu, Ch. He, J. Li, Q. Li, Ch. Wang, Ya. Xi, 
Blending-based poly(vinylidene fluoride)/polymethyl 
methacrylate membrane for rechargeable lithium-ion 
batteries, Ionics, 2019, vol. 25, no. 11, pp. 5201–5211. 

[13] H.-Y. Chen, C.-Y. Wu, Y.-T. Hsueh,  H.-H. Huang, 
Electromechanical properties of embedded 
multifunctional energy storage composite with activated 
carbon fiber/PVDF gel electrolyte, J. Chinese Inst. Eng., 
2021, vol. 44, no. 3, pp. 252–260. 

[14] M. Fujimoto, N. Yoshinaga, K. Ueno, Li-ion secondary 
battery, 1991, Japan Patent No. JP3229635B2. 

[15] M.V. Reddy, A. Mauger, C.M. Julien, A. Paolella. K. 
Zaghib, Brief history of early lithium-battery development, 
Materials, 2020, vol. 13, no. 8, art. no. 1884. 

[16] A. Valavanidis, Nobel Prize of Chemistry 2019 for 
lithium-ion batteries that revolutionised lives of 
humankind, Scientific Reviews, 2019, pp. 1–29. 

[17] T. Sasaki, Y. Ukyo, P. Novák, Memory effect in a lithium-
ion battery, Nat. Mater., 2013, vol. 12, no. 6, pp. 569–575. 

[18] X. Huang, Z. Wang, R. Knibble, B. Luo, S.A. Ahad, D. Sun, 
L. Wang, Cyclic voltammetry in lithium-sulfur batteries—
challenges and opportunities, Energy Technol., 2019, vol. 7, 
no. 8, art. no. 1801001. 

[19] [T. Kim, W. Chois, H.-C. Shin, J.-Y. Chois, J. M. Kim, 
M.-S. Park, W.-S. Yoon, Applications of voltammetry in 
lithium ion battery research, J. Electrochem. Sci. 
Technol., 2020, vol. 11, no. 1, pp. 14–25. 

[20] X. Gao, H. Zhu, G. Pan, S. Ye, Y. Lan, F. Wu, Preparation 
and electrochemical characterization of anatase nanorods 
for lithium-inserting electrode material, J. Phys. Chem. B., 
2004, vol. 108, no. 9, pp. 2868–2872. 

[21] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. 
Aurbach, Challenges in the development of advanced 
Li-ion batteries: a review, Energy Environ. Sci., 2011, 
vol. 4, no. 9, pp. 3243–3262. 

[22] F. Zhang, L. Qi, Recent progress in self-supported metal 
oxide nanoarray electrodes for advanced lithium-ion 
batteries, Adv. Sci., 2016, vol. 3, no. 9, art. no. 1600049. 

[23] R. Tian, N. Alcala, S.J.K. O’Neill, D.V. Horvath, J. 
Coelho, A.J. Griffin, Y. Zhang, V. Nicolosi, C. O’Dwyer, 
J.N. Colema, Quantifying the effect of electronic 
conductivity on the rate performance of nanocomposite 
battery electrodes, ACS Appl. Energy Mater., 2020, vol. 3, 
no. 3, pp. 2966–2974. 

[24] S. Akhtar, W. Lee, M. Kim, M.-S. Park, W.-S. Yoon, 
Conduction mechanism of charge carriers in electrodes 
and design factors for the improvement of charge 
conduction in Li-ion batteries,” J. Electrochem. Sci. 
Technol., 2021, vol. 12, no. 1, pp. 1–20. 

[25] M. Gaberšček, Understanding Li-based battery materials 
via electrochemical impedance spectroscopy, Nat. 
Commun., 2021, vol. 12, no. 1, art. no. 6513. 

[26] N. Meddings, M. Heinrich, F. Overney, J.-S. Lee, V. 
Ruiz, E. Napolitano, S. Seitz, G. Hinds, R. Raccichini, M. 
Gaberšček, J. Park, Application of electrochemical 
impedance spectroscopy to commercial Li-ion cells: A 
review, J. Power Sources, 2020, vol. 480, art. no. 228742. 

[27] B. Aziz, T.J. Woo, M.F.Z. Kadir, H.M. Ahmed, A 
conceptual review on polymer electrolytes and ion 
transport models, J. Sci. Adv. Mater. Devices, 2018, vol. 3, 
no. 1, pp. 1–17. 

[28] D. Chen, M. Zhu, P. Kang, T. Zhu, H. Yuan, J. Lan, X. 
Yang, G. Su, Self‐enhancing gel polymer electrolyte by in 
situ construction for enabling safe lithium metal battery, 
Adv. Sci., 2022, vol. 9, no. 4, art. no. 2103663. 

[29] M. Musil, J. Vondrák, Transference number measurements 
on gel polymer electrolytes for lithium-ion batteries, ECS 
Trans., 2014, vol. 63, no 1, pp. 315–319. 

[30] C.J. Wen, B.A. Boukamp, R.A. Huggins, W. Weppner, 
Thermodynamic and mass transport properties of 
“LiAl”, J. Electrochem. Soc., 1979, vol. 126, no. 12, 
pp. 2258–2266. 

[31] J. Li, X. Xiao, F. Yang, M.W. Verbrugge, Y.-T. Cheng, 
Potentiostatic intermittent titration technique for 
electrodes governed by diffusion and interfacial reaction, 
J. Phys. Chem. C, 2012, vol. 116, no. 1, pp. 1472–1478. 

[32] A. Nickol, T. Schied, C. Heubner, M. Schneider, A. Mich-
aelis, M. Bobeth, G. Cuniberti, GITT analysis of lithium 
insertion cathodes for determining the lithium diffusion 
coefficient at low temperature: challenges and pitfalls, J. 
Electrochem. Soc., 2020, vol. 167, no 9, art. no. 090546. 

[33] H. Li, S. Guo, H. Zhou, In-situ/operando 
characterization techniques in lithium-ion batteries and 
beyond, J. Energy Chem., 2021, vol. 59, pp. 191–211. 

[34] P. Guan, Y. Zhu, M. Li, T. Zeng, X. Li, R. Tian, N. 
Sharma, Z. Xu, T. Wan, L. Hu, Y. Liu, C. Cazorla, D. 
Chu, Enhancing cyclic and in-air stability of Ni-rich 

https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1126/science.192.4244.1126
https://doi.org/10.1126/science.192.4244.1126
https://doi.org/10.1126/science.192.4244.1126
https://doi.org/10.1134/s1995078016060136
https://doi.org/10.1134/s1995078016060136
https://doi.org/10.1134/s1995078016060136
https://doi.org/10.1134/s1995078016060136
https://doi.org/10.1039/c7ee00244k
https://doi.org/10.1039/c7ee00244k
https://doi.org/10.1039/c7ee00244k
https://doi.org/10.1039/c7ee00244k
https://doi.org/10.1039/c7ee00244k
https://doi.org/10.1016/j.jechem.2020.06.052
https://doi.org/10.1016/j.jechem.2020.06.052
https://doi.org/10.1016/j.jechem.2020.06.052
https://doi.org/10.1016/j.jechem.2020.06.052
https://doi.org/10.1016/j.jechem.2020.06.052
https://doi.org/10.1016/S0167-2738(00)00723-2
https://doi.org/10.1016/S0167-2738(00)00723-2
https://doi.org/10.1016/S0167-2738(00)00723-2
https://doi.org/10.3390/en11102559
https://doi.org/10.3390/en11102559
https://doi.org/10.3390/en11102559
https://doi.org/10.3390/en11102559
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1021/acsami.6b05301
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1016/j.electacta.2012.08.066
https://doi.org/10.1007/s11581-019-03060-y
https://doi.org/10.1007/s11581-019-03060-y
https://doi.org/10.1007/s11581-019-03060-y
https://doi.org/10.1007/s11581-019-03060-y
https://doi.org/10.1080/02533839.2021.1884603
https://doi.org/10.1080/02533839.2021.1884603
https://doi.org/10.1080/02533839.2021.1884603
https://doi.org/10.1080/02533839.2021.1884603
https://doi.org/10.1080/02533839.2021.1884603
https://patents.google.com/patent/JP3229635B2/en?oq=JP3229635
https://patents.google.com/patent/JP3229635B2/en?oq=JP3229635
https://doi.org/10.3390/ma13081884
https://doi.org/10.3390/ma13081884
https://doi.org/10.3390/ma13081884
https://doi.org/10.1038/nmat3623
https://doi.org/10.1038/nmat3623
https://doi.org/10.1002/ente.201801001
https://doi.org/10.1002/ente.201801001
https://doi.org/10.1002/ente.201801001
https://doi.org/10.1002/ente.201801001
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.33961/jecst.2019.00619
https://doi.org/10.1021/jp036821i
https://doi.org/10.1021/jp036821i
https://doi.org/10.1021/jp036821i
https://doi.org/10.1021/jp036821i
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1002/advs.201600049
https://doi.org/10.1002/advs.201600049
https://doi.org/10.1002/advs.201600049
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.1021/acsaem.0c00034
https://doi.org/10.33961/jecst.2020.01564
https://doi.org/10.33961/jecst.2020.01564
https://doi.org/10.33961/jecst.2020.01564
https://doi.org/10.33961/jecst.2020.01564
https://doi.org/10.33961/jecst.2020.01564
https://doi.org/10.1038/s41467-021-26894-5
https://doi.org/10.1038/s41467-021-26894-5
https://doi.org/10.1038/s41467-021-26894-5
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.jsamd.2018.01.002
https://doi.org/10.1016/j.jsamd.2018.01.002
https://doi.org/10.1016/j.jsamd.2018.01.002
https://doi.org/10.1016/j.jsamd.2018.01.002
https://doi.org/10.1002/advs.202103663
https://doi.org/10.1002/advs.202103663
https://doi.org/10.1002/advs.202103663
https://doi.org/10.1002/advs.202103663
https://doi.org/10.1149/06301.0315ecst
https://doi.org/10.1149/06301.0315ecst
https://doi.org/10.1149/06301.0315ecst
https://doi.org/10.1149/1.2128939
https://doi.org/10.1149/1.2128939
https://doi.org/10.1149/1.2128939
https://doi.org/10.1149/1.2128939
https://doi.org/10.1021/jp207919q
https://doi.org/10.1021/jp207919q
https://doi.org/10.1021/jp207919q
https://doi.org/10.1021/jp207919q
https://doi.org/10.1149/1945-7111/ab9404
https://doi.org/10.1149/1945-7111/ab9404
https://doi.org/10.1149/1945-7111/ab9404
https://doi.org/10.1149/1945-7111/ab9404
https://doi.org/10.1149/1945-7111/ab9404
https://doi.org/10.1016/j.jechem.2020.11.020
https://doi.org/10.1016/j.jechem.2020.11.020
https://doi.org/10.1016/j.jechem.2020.11.020
https://doi.org/10.1016/j.jcis.2022.08.061
https://doi.org/10.1016/j.jcis.2022.08.061
https://doi.org/10.1016/j.jcis.2022.08.061


58 E. Podlesnov, M.G. Nigamatdianov, M.V. Dorogov 

cathodes through perovskite oxide surface coating, J. 
Colloid Interface Sci., 2022, vol. 628, pp. 407–418. 

[35] S.-M. Bak, E. Hu, Y. Zhou, X. Yu, S.D. Senanayake, S.-J. 
Cho, K.-B. Kim, K.Y. Chung, X.-Q. Yang, K.-W. Nam, 
Structural changes and thermal stability of charged 
LiNixMnyCozO2 cathode materials studied by combined in 
situ time-resolved XRD and mass spectroscopy, ACS Appl. 
Mater. Interfaces, 2014, vol. 6, no. 24, pp. 22594–22601. 

[36] Lithium-ion batteries need to be greener and more 
ethical, Nature, 2021, vol. 595, no. 7. 

[37] D. Gryzlov, S. Novikova, T. Kulova, A. Skundin, A. Ya-
roslavtsev, Behavior of LiFePO4/CPVDF/Ag-based cath-
ode materials obtained using polyvinylidene fluoride as 
the carbon source, Materials and Design, 2016, vol. 104, 
pp. 95–101. 

[38] Y. Wang, E. Wang, X. Zhang, H. Yu, High-voltage “single-
crystal” cathode materials for lithium-ion batteries, Energy 
& Fuels, 2021, vol. 35, no. 3, pp. 1918–1932. 

[39] W. Li, B. Song, A. Manthiram, High-voltage positive 
electrode materials for lithium-ion batteries, Chem. Soc. 
Rev., 2017, vol. 46, no. 10, pp. 3006–3059. 

[40] T.L. Kulova, A.M. Skundin, Electrode materials for 
lithium-ion batteries of new generation, Russ. J. 
Electrochem., 2012, vol. 48, no. 3, pp. 330–335. 

[41] V.C. Amanchukwu, J.R. Harding, Y. Shao-Horn, P.T. 
Hammond, Understanding the chemical stability of 
polymers for lithium-air batteries, Chem. Mater., 2015, 
vol. 27, no. 2, pp. 550–561. 

[42] G. Girishkumar, B. McCloskey, A.C. Luntz, S. Swanson, 
W. Wilcke, Lithium-air battery: promise and challenges, 
J. Phys. Chem. Lett., 2010, vol. 1, no. 14, pp. 2193–2203. 

[43] Y. Xie, J. Ao, L. Zhang, Y. Shao, H. Zhang, S. Cheng, X. 
Wang, Multi-functional bilayer carbon structures with 
micrometer-level physical encapsulation as a flexible 
cathode host for high-performance lithium-sulfur 
batteries, Chem. Eng. J., 2023, vol. 451, art. no. 139017. 

[44] M. Wang, X. Zhou, X. Cai, H. Wang, Y. Fang, X. 
Zhong, Hierarchically porous, ultrathin N-doped 
carbon nanosheets embedded with highly dispersed 
cobalt nanoparticles as efficient sulfur host for stable 
lithium-sulfur batteries, J. Energy Chem., 2020, vol. 50, 
pp. 106–114. 

[45] H. Chang, Y.-R. Wu, X. Han, T.-F. Yi, Recent developments 
in advanced anode materials for lithium-ion batteries, 
Energy Mater., 2022, vol. 1, no. 1, art. no. 100003. 

[46] D. Puthusseri, M. Wahid, S. Ogale, Conversion-type 
anode materials for alkali-ion batteries: state of the art 
and possible research directions, ACS Omega, 2018, 
vol. 3, no. 4, pp. 4591–4601. 

[47] G. Wang, X. Shen, J. Yao, One-dimensional 
nanostructures as electrode materials for lithium-ion 
batteries with improved electrochemical performance, J. 
Power Sources, 2009, vol. 189, no. 1, pp. 543–546. 

[48] S. Handaja, H. Susanto, H. Hermawan, Electrical 
conductivity of carbon electrodes by mixing carbon rod 
and electrolyte paste of spent battery, Int. J. Renew. 
Energy Dev., 2021, vol. 10, no. 2, pp. 221–227. 

[49] B. Campbell, R. Ionescu, Z. Favors, C.S. Ozkan, M. Ozkan, 
Bio-derived, binderless, hierarchically porous carbon 
anodes for Li-ion batteries, Sci. Rep., 2015, vol. 5, no. 1, 
art. no. 14575. 

[50] K.V. Mironovich, S.A. Evlashin, S.A. Bocharova, M.S. 
Yerdauletov, S.A. Dagesyan, A.V. Egorov, N.V. Suetin, 
D.M. Itkisab, V.A. Krivchenko, Gaining cycling stability 

of Si- and Ge-based negative Li-ion high areal capacity 
electrodes by using carbon nanowall scaffolds, J. Mater. 
Chem. A., 2017, vol. 5, no. 34, pp. 18095–18100. 

[51] R.M. Humana, M.G. Ortiz, J.E. Thomas, S.G. Real, M. 
Sedlarikova, J. Vondrak, A. Visintin, Characterization of 
anodes for lithium-ion batteries, J. Solid State 
Electrochem., 2016, vol. 20, no. 4, pp. 1053–1058. 

[52] K. Liu, D. Zhuo, H.-W. Lee, W. Liu, D. Lin, Y. Lu, Y. 
Cui, Extending the life of lithium-based rechargeable 
batteries by reaction of lithium dendrites with a novel 
silica nanoparticle sandwiched separator, Adv. Mater., 
2017, vol. 29, no. 4, pp. 1603987. 

[53] K.K. Kudasheva, I.S. Yasnikov, M.V. Dorogov, 
Peculiarities of morphology of tin microcrystals 
electroplated under galvanostatic conditions, Russ. J. 
Electrochem., 2020, vol. 56, no. 12, pp. 1051–1056. 

[54] M. Nigamatdianov, N. Chirkunova, M. Dorogov, Belt-
like SnO2 structures for lithium batteries, AIP Conference 
Proceedings, 2022, vol. 2533, art. no. 020010. 

[55] Z. Ying, Q. Wan, H. Cao, Z.T. Song, S.L. Feng, 
Characterization of SnO2 nanowires as an anode 
material for Li-ion batteries, Appl. Phys. Lett., 2005, 
vol. 87, no. 11, art. no. 113108. 

[56] Y.V. Lim, X.L. Li, H.Y. Yang, Recent tactics and 
advances in the application of metal sulfides as high‐
performance anode materials for rechargeable sodium‐
ion batteries, Adv. Funct. Mater., 2021, vol. 31, no. 10, 
art. no. 2006761. 

[57] Z. Hu, Z. Zhu, F. Cheng, K. Zhang, J. Wang, Ch. Chena, 
J. Chen, Pyrite FeS2 for high-rate and long-life 
rechargeable sodium batteries, Energy Environ. Sci., 
2015, vol. 8, no. 4, pp. 1309–1316. 

[58] S. Peng, L. Li, S.G. Mhaisalkar, M. Srinivasan, S. 
Ramakrishna, Q. Yan, Hollow nanospheres constructed 
by CoS2 nanosheets with a nitrogen-doped-carbon 
coating for energy-storage and photocatalysis, 
ChemSusChem, 2014, vol. 7, no. 8, pp. 2212–2220. 

[59] F. Bozheyev, A. Zhexembekova, S. Zhumagali, A. 
Molkenova, Z. Bakenov, MoS2 nanopowder as anode 
material for lithium-ion batteries produced by self-
propagating high-temperature synthesis, Mater. Today 
Proc., 2017, vol. 4, no. 3, pp. 4567–4571. 

[60] S. Ramesh, G.P. Ang, Impedance and FTIR studies on 
plasticized PMMA–LiN(CF3SO2)2 nanocomposite polymer 
electrolytes, Ionics, 2010, vol. 16, no. 5, pp. 465–473. 

[61] H. Wang, Q. Pan, J. Zhao, G. Yin, P. Zuo, Fabrication of 
CuO film with network-like architectures through solution-
immersion and their application in lithium ion batteries, J. 
Power Sources, 2007, vol. 167, no. 1, pp. 206–211. 

[62] L.M. Dorogin, M.V. Dorogov, S. Vlassov, A.A. 
Vikarchuk, A.E. Romanov, Whisker growth and cavity 
formation at the microscale,” Rev. Adv. Mater. Technol., 
2020, vol. 2, no. 1, pp. 1–31. 

[63] M. Dorogov, A. Kalmykov, L. Sorokin, A. Kozlov, A. 
Myasoedov, D. Kirilenko, N. Chirkunova, A. Priezzheva, 
A. Romanov, E.C. Aifantis, CuO nanowhiskers: 
preparation, structure features, properties, and 
applications, Mater. Sci. Technol., 2018, vol. 34, no. 17, 
pp. 2126–2135. 

[64] M.S. Berminova, A.E. Kalmykov, A.V. Myasoedov, 
L.M. Sorokin, M.V. Dorogov, Incoherent grain 
boundaries in CuO nanowhiskers, J. Phys.: Conf. Ser., 
2020, vol. 1697, art. no. 012097. 

https://doi.org/10.1016/j.jcis.2022.08.061
https://doi.org/10.1016/j.jcis.2022.08.061
https://doi.org/10.1021/am506712c
https://doi.org/10.1021/am506712c
https://doi.org/10.1021/am506712c
https://doi.org/10.1021/am506712c
https://doi.org/10.1021/am506712c
https://doi.org/10.1021/am506712c
https://doi.org/10.1038/d41586-021-01735-z
https://doi.org/10.1038/d41586-021-01735-z
https://doi.org/10.1016/j.matdes.2016.05.040
https://doi.org/10.1016/j.matdes.2016.05.040
https://doi.org/10.1016/j.matdes.2016.05.040
https://doi.org/10.1016/j.matdes.2016.05.040
https://doi.org/10.1016/j.matdes.2016.05.040
https://doi.org/10.1021/acs.energyfuels.0c03608
https://doi.org/10.1021/acs.energyfuels.0c03608
https://doi.org/10.1021/acs.energyfuels.0c03608
https://doi.org/10.1039/c6cs00875e
https://doi.org/10.1039/c6cs00875e
https://doi.org/10.1039/c6cs00875e
https://doi.org/10.1134/S1023193512020085
https://doi.org/10.1134/S1023193512020085
https://doi.org/10.1134/S1023193512020085
https://doi.org/10.1021/cm5040003
https://doi.org/10.1021/cm5040003
https://doi.org/10.1021/cm5040003
https://doi.org/10.1021/cm5040003
https://doi.org/10.1021/jz1005384
https://doi.org/10.1021/jz1005384
https://doi.org/10.1021/jz1005384
https://doi.org/10.1016/j.cej.2022.139017
https://doi.org/10.1016/j.cej.2022.139017
https://doi.org/10.1016/j.cej.2022.139017
https://doi.org/10.1016/j.cej.2022.139017
https://doi.org/10.1016/j.cej.2022.139017
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.1016/j.jechem.2020.03.014
https://doi.org/10.20517/energymater.2021.02
https://doi.org/10.20517/energymater.2021.02
https://doi.org/10.20517/energymater.2021.02
https://doi.org/10.1021/acsomega.8b00188
https://doi.org/10.1021/acsomega.8b00188
https://doi.org/10.1021/acsomega.8b00188
https://doi.org/10.1021/acsomega.8b00188
https://doi.org/10.1016/j.jpowsour.2008.10.044
https://doi.org/10.1016/j.jpowsour.2008.10.044
https://doi.org/10.1016/j.jpowsour.2008.10.044
https://doi.org/10.1016/j.jpowsour.2008.10.044
https://doi.org/10.14710/ijred.2021.31637
https://doi.org/10.14710/ijred.2021.31637
https://doi.org/10.14710/ijred.2021.31637
https://doi.org/10.14710/ijred.2021.31637
https://doi.org/10.1038/srep14575
https://doi.org/10.1038/srep14575
https://doi.org/10.1038/srep14575
https://doi.org/10.1038/srep14575
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1039/c7ta03509h
https://doi.org/10.1007/s10008-015-3004-7
https://doi.org/10.1007/s10008-015-3004-7
https://doi.org/10.1007/s10008-015-3004-7
https://doi.org/10.1007/s10008-015-3004-7
https://doi.org/10.1002/adma.201603987
https://doi.org/10.1002/adma.201603987
https://doi.org/10.1002/adma.201603987
https://doi.org/10.1002/adma.201603987
https://doi.org/10.1002/adma.201603987
https://doi.org/10.1134/S1023193520110051
https://doi.org/10.1134/S1023193520110051
https://doi.org/10.1134/S1023193520110051
https://doi.org/10.1134/S1023193520110051
https://doi.org/10.1063/5.0100467
https://doi.org/10.1063/5.0100467
https://doi.org/10.1063/5.0100467
https://doi.org/10.1063/1.2045550
https://doi.org/10.1063/1.2045550
https://doi.org/10.1063/1.2045550
https://doi.org/10.1063/1.2045550
https://doi.org/10.1002/adfm.202006761
https://doi.org/10.1002/adfm.202006761
https://doi.org/10.1002/adfm.202006761
https://doi.org/10.1002/adfm.202006761
https://doi.org/10.1002/adfm.202006761
https://doi.org/10.1039/c4ee03759f
https://doi.org/10.1039/c4ee03759f
https://doi.org/10.1039/c4ee03759f
https://doi.org/10.1039/c4ee03759f
https://doi.org/10.1002/cssc.201402161
https://doi.org/10.1002/cssc.201402161
https://doi.org/10.1002/cssc.201402161
https://doi.org/10.1002/cssc.201402161
https://doi.org/10.1002/cssc.201402161
https://doi.org/10.1016/j.matpr.2017.04.031
https://doi.org/10.1016/j.matpr.2017.04.031
https://doi.org/10.1016/j.matpr.2017.04.031
https://doi.org/10.1016/j.matpr.2017.04.031
https://doi.org/10.1016/j.matpr.2017.04.031
https://doi.org/10.1007/s11581-009-0417-2
https://doi.org/10.1007/s11581-009-0417-2
https://doi.org/10.1007/s11581-009-0417-2
https://doi.org/10.1016/j.jpowsour.2007.02.008
https://doi.org/10.1016/j.jpowsour.2007.02.008
https://doi.org/10.1016/j.jpowsour.2007.02.008
https://doi.org/10.1016/j.jpowsour.2007.02.008
https://doi.org/10.17586/2687-0568-2020-2-1-1-31
https://doi.org/10.17586/2687-0568-2020-2-1-1-31
https://doi.org/10.17586/2687-0568-2020-2-1-1-31
https://doi.org/10.17586/2687-0568-2020-2-1-1-31
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1080/02670836.2018.1514706
https://doi.org/10.1088/1742-6596/1697/1/012097
https://doi.org/10.1088/1742-6596/1697/1/012097
https://doi.org/10.1088/1742-6596/1697/1/012097
https://doi.org/10.1088/1742-6596/1697/1/012097


Review of Materials for Electrodes and Electrolytes of Lithium Batteries 59 

[65] H. Zhang, G. Zhang, Z. Li, K. Qu, L. Wang, W. Zeng, Q. 
Zhang, H. Duan, Ultra-uniform CuO/Cu in nitrogen-doped 
carbon nanofibers as a stable anode for Li-ion batteries, J. 
Mater. Chem. A., 2016. vol. 4, no. 27, pp. 10585–10592. 

[66] L.B. Chen, N. Lu, C.M. Xu, H.C. Yu, T.H. Wang, 
Electrochemical performance of polycrystalline CuO 
nanowires as anode material for Li ion batteries, 
Electrochim. Acta, 2009, vol. 54, no. 17, pp. 4198–4201. 

[67] P. Hu, M. Dorogov, Y. Xin, K.E. Aifantis, Transforming 
single‐crystal CuO/Cu2O nanorods into nano‐
polycrystalline Cu/Cu2O through lithiation, 
ChemElectroChem., 2019, vol. 6, no. 12, pp. 3139–3144. 

[68] X. Tang, Q. Pan, J. Liu, Enhancing lithium storage 
capacity of ZnO anodes through Ni3ZnC0.7 incorporation, 
J. Electrochem. Soc., 2010, vol. 157, no. 1, pp. A55–A59. 

[69] N.V. Chirkunova, M.M. Skryabina, M.V. Dorogov, Sol-gel 
prepared TiO2 photocatalyst, Rev. Adv. Mater. Technol., 
2020, vol. 2, no. 3, pp. 44–50. 

[70] H. Kleykamp, Phase equilibria in the Li–Ti–O system and 
physical properties of Li2TiO3, Fusion Eng. Des., 2002, 
vol. 61–62, pp. 361–366. 

[71] E. Podlesnov, N.V. Churkunova, M.V. Dorogov, Copper 
oxide nanowhiskers: Structure, growth mechanisms, and 
associated stresses, IOP Conf. Ser.: Mater. Sci. Eng., 
2020, vol. 1008, art. no. 012044. 

[72] E. Podlesnov, M.V. Dorogov, Nanowhiskers for lithium 
battery anode, IOP Conf. Ser.: Mater. Sci. Eng., 2020, 
vol. 1008, art. no. 012043. 

[73] Z. Xue, D. He, X. Xie, Poly(ethylene oxide)-based 
electrolytes for lithium-ion batteries, J. Mater. Chem. A., 
2015, vol. 3, no. 38, pp. 19218–19253. 

[74] Y. Wu, Y. Li, Y. Wang, Q. Liu, Q. Chen, M. Chen, 
Advances and prospects of PVDF based polymer 
electrolytes, J. Energy Chem., 2022, vol. 64, pp. 62–84. 

[75] M. Armand, M. Duclot, Electrochemical generators for 
producing current and new materials for their 
manufacture, 1978, France Patent No. FR2442512B1. 

[76] J. Vondrák, J. Reiter, J. Velická, M. Sedlařı́ková, PMMA-
based aprotic gel electrolytes, Solid State Ionics, 2004, 
vol. 170, no. 1–2, pp. 79–82. 

[77] C. He, J. Liu, J. Cui, J. Li, X. Wu, A gel polymer 
electrolyte based on Polyacrylonitrile/organic 
montmorillonite membrane exhibiting dense structure for 
lithium ion battery, Solid State Ionics, 2018, vol. 315, pp. 
102–110. 

[78] J. Bao, G. Shi, C. Tao, C. Wang, C. Zhu, L. Cheng, G. 
Qian, C. Chen, Polycarbonate-based polyurethane as a 
polymer electrolyte matrix for all-solid-state lithium 
batteries, J. Power Sources, 2018, vol. 389, pp. 84–92. 

[79] S.A. Hashmi, A. Kumar, S.K. Tripathi, Experimental 
studies on poly methyl methacrylate based gel polymer 
electrolytes for application in electrical double layer 
capacitors, J. Phys. D: Appl. Phys., 2007, vol. 40, no. 21, 
pp. 6527–6534. 

[80] L. Zhao, Y. Huang, B. Liu, Y. Huang, A. Song, Y. Lin, 
M. Wang, X. Li, H. Cao, Gel polymer electrolyte based 
on polymethyl methacrylate matrix composited with 
methacrylisobutyl-polyhedral oligomeric silsesquioxane 
by phase inversion method, Electrochim. Acta, 2018, vol. 
278, pp. 1–12. 

[81] D. Mouraliraman, N. Shaji, S. Praveen, M. Nanthagopal, 
C.W. Ho, M.V. Karthik, T. Kim, C.W. Lee, Thermally 
Stable PVDF-HFP-Based Gel Polymer Electrolytes for 

High-Performance Lithium-Ion Batteries, 
Nanomaterials, 2022, vol. 12, no. 7, art. no. 1056. 

[82] P.X. Yang, L. Liu, L.B. Li, J. Hou, Y.P. Xu, X. Ren, M.Z. 
An, N. Li, Gel polymer electrolyte based on 
polyvinylidenefluoride-co-hexafluoropropylene and ionic 
liquid for lithium ion battery, Electrochim. Acta, 2014, 
vol. 115, pp. 454–460. 

[83] K. Luo, D. Shao, L. Yang, L. Liu, X. Chen, C. Zou, D. 
Wang, Z. Luo, X. Wang, Semi‐interpenetrating gel 
polymer electrolyte based on PVDF‐HFP for lithium ion 
batteries, J. Appl. Polym. Sci., 2021, vol. 138, no. 11, 
art. no. 49993. 

[84] P. Yao, B. Zhu, H. Zhai, X. Liao, Y. Zhu, W. Xu, Q. Cheng, 
C. Jayyosi, Z. Li, J. Zhu, K. M. Myers, X. Chen, Y. Yang, 
PVDF/Palygorskite Nanowire Composite Electrolyte for  
Rechargeable Lithium Batteries with High Energy Density, 
Nano Lett., 2018, vol. 18, no. 10, pp. 6113–6120. 

[85] K. Matsubara, R. Kaneuchi, N. Maekita, 13C NMR esti-
mation of preferential solvation of lithium ions in non-
aqueous mixed solvents, J. Chem. Soc. Faraday Trans., 
1998, vol. 94, no. 24, pp. 3601–3605. 

[86] K. Xu, Electrolytes and Interphases in Li-Ion Batteries 
and Beyond, Chem. Rev., 2014, vol. 114, no. 23, pp. 
11503–11618. 

[87] P.X. Yang, W.Y. Cui, L.B. Li, L. Liu, M. Zhong, 
Characterization and properties of ternary P(VdF-HFP)-
LiTFSI-EMITFSI ionic liquid polymer electrolytes, Solid 
State Sci., 2012, vol. 14, no. 5, pp. 598–606. 

[88] M. Madian, A. Eychmüller, L. Giebeler, Current 
Advances in TiO2-Based Nanostructure Electrodes for 
High Performance Lithium Ion Batteries, Batteries, 2018, 
vol. 4, no. 1, art.no. 7. 

[89] E. Podlesnov, M.G. Nigamatdianov, A.O. Safronova, 
M.V. Dorogov, Lithium polymer battery with PVDF-
based electrolyte doped with copper oxide nanoparticles: 
manufacturing technology and properties, Rev. Adv. 
Mater. Technol., 2021, vol. 3, no. 3, pp. 27–31. 

[90] V. Aravindan, P. Vickraman, Lithium fluoroalkyl-
phosphate based novel composite polymer electrolytes 
(NCPE) incorporated with nanosized SiO2 filler, Mater. 
Chem. Phys., 2009, vol. 115, no 1, pp. 251–257. 

[91] V. Aravindan, P. Vickraman, T.P. Kumar, ZrO2 nanofiller 
incorporated PVC/PVdF blend-based composite polymer 
electrolytes (CPE) complexed with LiBOB, J. Memb. Sci., 
2007, vol. 305, no. 1–2, pp. 146–151. 

[92] R.-J. Pei, T. Song, L. Sun, Y.-F. Li, R. Yang, Stable 
composite electrolytes of PVDF modified by inorganic 
particles for solid‐state lithium batteries, J. Am. Ceram. 
Soc., 2022, vol. 105, no. 8, pp. 5262–5273. 

[93] X.-X. Zeng, Y.-X. Yin, Y. Shi, X.-D. Zhang, H.-R. Yao, 
R. Wen, X.-W. Wu, Y.-G. Guo Lithiation-derived 
repellent toward lithium anode safeguard in quasi-solid 
batteries, Chem, 2018, vol. 4, no. 2, pp. 298–307. 

[94] H. Zhao, J. Yan, N. Deng, W. Kang, B. Cheng, A versatile 
nano-TiO2 decorated gel separator with derived multi-
scale nanofibers towards dendrite-blocking and 
polysulfide-inhibiting lithium-metal batteries, J. Energy 
Chem., 2021, vol. 55, pp. 190–201. 

[95] N. Angulakhsmi, S. Thomas, J. R. Nair, R. Bongiovanni, 
C. Gerbaldi, A.M. Stephan, Cycling profile of innovative 
nanochitin-incorporated poly (ethylene oxide) based 
electrolytes for lithium batteries, J. Power Sources, 2013, 
vol. 228, pp. 294–299. 

https://doi.org/10.1039/c6ta02875f
https://doi.org/10.1039/c6ta02875f
https://doi.org/10.1039/c6ta02875f
https://doi.org/10.1039/c6ta02875f
https://doi.org/10.1016/j.electacta.2009.02.065
https://doi.org/10.1016/j.electacta.2009.02.065
https://doi.org/10.1016/j.electacta.2009.02.065
https://doi.org/10.1016/j.electacta.2009.02.065
https://doi.org/10.1002/celc.201900564
https://doi.org/10.1002/celc.201900564
https://doi.org/10.1002/celc.201900564
https://doi.org/10.1002/celc.201900564
https://doi.org/10.1149/1.3256130
https://doi.org/10.1149/1.3256130
https://doi.org/10.1149/1.3256130
https://doi.org/10.17586/2687-0568-2020-2-3-44-50
https://doi.org/10.17586/2687-0568-2020-2-3-44-50
https://doi.org/10.17586/2687-0568-2020-2-3-44-50
https://doi.org/10.1016/S0920-3796(02)00120-5
https://doi.org/10.1016/S0920-3796(02)00120-5
https://doi.org/10.1016/S0920-3796(02)00120-5
https://doi.org/10.1088/1757-899x/1008/1/012044
https://doi.org/10.1088/1757-899x/1008/1/012044
https://doi.org/10.1088/1757-899x/1008/1/012044
https://doi.org/10.1088/1757-899x/1008/1/012044
https://doi.org/10.1088/1757-899x/1008/1/012043
https://doi.org/10.1088/1757-899x/1008/1/012043
https://doi.org/10.1088/1757-899x/1008/1/012043
https://doi.org/10.1039/c5ta03471j
https://doi.org/10.1039/c5ta03471j
https://doi.org/10.1039/c5ta03471j
https://doi.org/10.1016/j.jechem.2021.04.007
https://doi.org/10.1016/j.jechem.2021.04.007
https://doi.org/10.1016/j.jechem.2021.04.007
https://patents.google.com/patent/FR2442512B1/en
https://patents.google.com/patent/FR2442512B1/en
https://patents.google.com/patent/FR2442512B1/en
https://doi.org/10.1016/j.ssi.2003.08.060
https://doi.org/10.1016/j.ssi.2003.08.060
https://doi.org/10.1016/j.ssi.2003.08.060
https://doi.org/10.1016/j.ssi.2017.12.014
https://doi.org/10.1016/j.ssi.2017.12.014
https://doi.org/10.1016/j.ssi.2017.12.014
https://doi.org/10.1016/j.ssi.2017.12.014
https://doi.org/10.1016/j.ssi.2017.12.014
https://doi.org/10.1016/j.jpowsour.2018.04.020
https://doi.org/10.1016/j.jpowsour.2018.04.020
https://doi.org/10.1016/j.jpowsour.2018.04.020
https://doi.org/10.1016/j.jpowsour.2018.04.020
https://doi.org/10.1088/0022-3727/40/21/010
https://doi.org/10.1088/0022-3727/40/21/010
https://doi.org/10.1088/0022-3727/40/21/010
https://doi.org/10.1088/0022-3727/40/21/010
https://doi.org/10.1088/0022-3727/40/21/010
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.1016/j.electacta.2018.05.012
https://doi.org/10.3390/nano12071056
https://doi.org/10.3390/nano12071056
https://doi.org/10.3390/nano12071056
https://doi.org/10.3390/nano12071056
https://doi.org/10.3390/nano12071056
https://doi.org/10.1016/j.electacta.2013.10.202
https://doi.org/10.1016/j.electacta.2013.10.202
https://doi.org/10.1016/j.electacta.2013.10.202
https://doi.org/10.1016/j.electacta.2013.10.202
https://doi.org/10.1016/j.electacta.2013.10.202
https://doi.org/10.1002/app.49993
https://doi.org/10.1002/app.49993
https://doi.org/10.1002/app.49993
https://doi.org/10.1002/app.49993
https://doi.org/10.1002/app.49993
https://doi.org/10.1021/acs.nanolett.8b01421
https://doi.org/10.1021/acs.nanolett.8b01421
https://doi.org/10.1021/acs.nanolett.8b01421
https://doi.org/10.1021/acs.nanolett.8b01421
https://doi.org/10.1021/acs.nanolett.8b01421
https://doi.org/10.1039/a807010e
https://doi.org/10.1039/a807010e
https://doi.org/10.1039/a807010e
https://doi.org/10.1039/a807010e
https://doi.org/10.1021/cr500003w
https://doi.org/10.1021/cr500003w
https://doi.org/10.1021/cr500003w
https://doi.org/10.1016/j.solidstatesciences.2012.02.005
https://doi.org/10.1016/j.solidstatesciences.2012.02.005
https://doi.org/10.1016/j.solidstatesciences.2012.02.005
https://doi.org/10.1016/j.solidstatesciences.2012.02.005
https://doi.org/10.3390/batteries4010007
https://doi.org/10.3390/batteries4010007
https://doi.org/10.3390/batteries4010007
https://doi.org/10.3390/batteries4010007
https://doi.org/10.17586/2687-0568-2021-3-3-27-31
https://doi.org/10.17586/2687-0568-2021-3-3-27-31
https://doi.org/10.17586/2687-0568-2021-3-3-27-31
https://doi.org/10.17586/2687-0568-2021-3-3-27-31
https://doi.org/10.17586/2687-0568-2021-3-3-27-31
https://doi.org/10.1016/j.matchemphys.2008.11.062
https://doi.org/10.1016/j.matchemphys.2008.11.062
https://doi.org/10.1016/j.matchemphys.2008.11.062
https://doi.org/10.1016/j.matchemphys.2008.11.062
https://doi.org/10.1016/j.memsci.2007.07.044
https://doi.org/10.1016/j.memsci.2007.07.044
https://doi.org/10.1016/j.memsci.2007.07.044
https://doi.org/10.1016/j.memsci.2007.07.044
https://doi.org/10.1111/jace.18506
https://doi.org/10.1111/jace.18506
https://doi.org/10.1111/jace.18506
https://doi.org/10.1111/jace.18506
https://doi.org/10.1016/j.chempr.2017.12.003
https://doi.org/10.1016/j.chempr.2017.12.003
https://doi.org/10.1016/j.chempr.2017.12.003
https://doi.org/10.1016/j.chempr.2017.12.003
https://doi.org/10.1016/j.jechem.2020.07.015
https://doi.org/10.1016/j.jechem.2020.07.015
https://doi.org/10.1016/j.jechem.2020.07.015
https://doi.org/10.1016/j.jechem.2020.07.015
https://doi.org/10.1016/j.jechem.2020.07.015
https://doi.org/10.1016/j.jpowsour.2012.11.007
https://doi.org/10.1016/j.jpowsour.2012.11.007
https://doi.org/10.1016/j.jpowsour.2012.11.007
https://doi.org/10.1016/j.jpowsour.2012.11.007
https://doi.org/10.1016/j.jpowsour.2012.11.007


60 E. Podlesnov, M.G. Nigamatdianov, M.V. Dorogov 

[96] B. Commarieu, A. Paolella, J.-C. Daigle, K. Zaghib, 
Toward high lithium conduction in solid polymer and 
polymer-ceramic batteries,” Curr. Opin. Electrochem., 
2018, vol. 9, pp. 56–63. 

[97] Y. Horowitz, M. Lifshitz, A. Greenbaum, Yu. Feldman, 
S. Greenbaum, A.P. Sokolov, D. Golodnitsky, Review—
polymer/ceramic interface barriers: the fundamental 
challenge for advancing composite solid electrolytes for 
Li-ion batteries, J. Electrochem. Soc., 2020, vol. 167, no. 
16, art. no. 160514. 

[98] F. Ye, X. Zhang, K. Liao, Q. Lu, X. Zou, R. Ran, W. 
Zhou, Y. Zhong, Z. Shao, A smart lithiophilic polymer 
filler in gel polymer electrolyte enables stable and 
dendrite-free Li metal anode, J. Mater. Chem. A, 2020, 
vol. 8, no. 19, pp. 9733–9742. 

[99] V.I. Volkov, O.V. Yarmolenko, A.V. Chernyak, N.A. 
Slesarenko, I.A. Avilova, G.R. Baymuratova, A.V. 
Yudina, Polymer Electrolytes for Lithium-Ion Batteries 
Studied by NMR Techniques, Membranes, 2022, vol. 12, 
no. 4, art. no. 416. 

[100] J.Y. Han, S. Jung, Thermal stability and the effect of 
water on hydrogen fluoride generation in lithium-ion 
battery electrolytes containing LiPF6, Batteries, 2022, 
vol. 8, no. 7, art. no. 61. 

[101] X.N. Pan, J. Hou, L. Liu, P.X. Yang, J.Q. Zhang, M.Z. 
An, N. Li, A piperidinium-based ester-functionalized 
ionic liquid as electrolytes in Li/LiFePO4 batteries, 
Ionics, 2017, vol. 23, no. 11, pp. 3151–3161. 

[102] R. Gonçalves, D. Miranda, A.M. Almeida, M.M. Silva, J.M. 
Meseguer-Dueñas, J.L. Gomez Ribelles, S. Lanceros-
Méndez, C.M. Costa, Solid polymer electrolytes based on 
lithium bis(trifluoromethanesulfonyl)imide/poly(vinylidene 
fluoride-co-hexafluoropropylene) for safer rechargeable 
lithium-ion batteries, Sustain. Mater. Technol., 2019, vol. 21, 
art. no. e00104. 

[103] G.A. Giffin, The role of concentration in electrolyte 
solutions for non-aqueous lithium-based batteries, Nat. 
Commun., 2022, vol. 13, no. 1, art. no. 5250. 

[104] Y. Wang, S. Song, C. Xu, N. Hu, J. Molenda, L. Lu, 
Development of solid-state electrolytes for sodium-ion 
battery–A short review, Nano Mater. Sci., 2019, vol. 1, 
no. 2, pp. 91–100. 

[105] O.V. Yarmolenko, K.G. Khatmullina, G.Z. Tulibaeva, 
L.M. Bogdanova, A.F. Shestakov, Towards the 
mechanism of Li+ ion transfer in the net solid polymer 
electrolyte based on polyethylene glycol diacrylate–
LiClO4, J. Solid State Electrochem., 2012, vol. 16, no. 10, 
pp. 3371–3381. 

[106] D. Liu, Q. Wang, X. Ma, Q. Liu, X. Zhou, Z. Lei, 
Li10Sn0.95P2S11.9−xOx: A new sulfide solid electrolyte for all-
solid-state batteries, J. Alloys Compd., 2022, vol. 926, art. 
no. 166731. 

[107] V.E. Volkovitskiy, V.A. Spiridonov, L.V. Azina, D.I. 
Panov, Design and analysis of the electrical properties of 
a solid-state lithium-boron-phosphate electrolyte, Rev. 
Adv. Mater. Technol., 2021, vol. 3, no. 4, pp. 47–51. 

[108] I.L. Shukaev, V.V. Butova, New P2 Compound with 
brucite-like layers: potassium lithiostannate, Inorg. 
Chem., 2012, vol. 51, no. 9, pp. 4931–4937. 

[109] M.Y. Veliz-Enriquez, G. Gonzalez, H. Pfeiffer, Synthesis 
and CO2 capture evaluation of Li2−xKxZrO3 solid 
solutions and crystal structure of a new lithium–
potassium zirconate phase, J. Solid State Chem., 2007, 
vol. 180, no. 9, pp. 2485–2492. 

[110] M. Chordia, S. Wickerts, A. Nordelöf, R. Arvidsson, Life 
cycle environmental impacts of current and future 
battery-grade lithium supply from brine and spodumene, 
Resour. Conserv. Recycl., 2022, vol. 187, art. no. 106634. 

[111] X. Fan, M. Tebyetekerwa, Y. Wu, R. R. Gaddam, X. S. 
Zhao, Origin of excellent charge storage properties of 
defective tin disulphide in magnesium/lithium-ion 
hybrid batteries, Nano-Micro Lett., 2022, vol. 14, no. 1, 
art. no. 177. 

[112] R.D. Shannon, Revised effective ionic radii and 
systematic studies of interatomic distances in halides and 
chalcogenides, Acta Crystallogr. Sect. A, 1976, vol. 32, 
no. 5, pp. 751–767. 

[113] B. Sayahpour, H. Hirsh, S. Parab, L.H.B. Nguyen, M. 
Zhang, Y.S. Meng, Perspective: Design of cathode 
materials for sustainable sodium-ion batteries, MRS 
Energy Sustain., 2022, vol. 9, no. 2, pp. 183–197. 

[114] A. Bauer, J. Song, S. Vail, W. Pan, J. Barker, Y. Lu, The 
scale‐up and commercialization of nonaqueous na‐ion 
battery technologies, Adv. Energy Mater., 2018, vol. 8, 
no. 17, art. no. 1702869. 

[115] A.M. Skundin, T.L. Kulova, A.B. Yaroslavtsev, Sodium-ion 
batteries (a review), Russ. J. Electrochem., 2018, vol. 54, 
no. 2, pp. 113–152. 

[116] L. Liu, Y. Tian, A. Abdussalam, M.R.H.S. Gilani, W. 
Zhang, G. Xu, Hard carbons as anodes in sodium-ion 
batteries: sodium storage mechanism and optimization 
strategies, Molecules, 2022,  vol. 27, no. 19, art. no. 6516. 

[117] D.A. Stevens, J.R. Dahn, High capacity anode materials 
for rechargeable sodium-ion batteries, J. Electrochem. 
Soc., 2000, vol. 147, no. 4, art. no. 1271. 

[118] T. Yang, T. Qian, M. Wang, X. Shen, N. Xu, Z. Sun, C. 
Yan, A sustainable route from biomass byproduct okara 
to high content nitrogen-doped carbon sheets for efficient 
sodium ion batteries, Adv. Mater., 2016, vol. 28, no. 3, 
pp. 539–545. 

[119] R. Hao, Y. Yang, H. Wang, B. Jia, G. Ma, D. Yu, L. Guo, 
S. Yang, Direct chitin conversion to N-doped amorphous 
carbon nanofibers for high-performing full sodium-ion 
batteries, Nano Energy, 2018, vol. 45, pp. 220–228. 

[120] T. Hosaka, K. Kubota, A. S. Hameed, S. Komaba, Re-
search development on K-ion batteries, Chem. Rev., 
2020, vol. 120, pp. 6358−6466. 

[121] X. Min, J. Xiao, M. Fang, W. Wang, Y. Zhao, Y. Liu, A. 
M. Abdelkader, K. Xi, R.V. Kumar, Z. Huang, Potassium-
ion batteries: outlook on present and future technologies, 
Energy Environ. Sci., 2021, vol. 14, pp. 2186–2243. 

[122] S. Li, H. Zhu, Y. Liu, Z. Han, L. Peng, S. Li, C. Yu, S. 
Cheng, J. Xie, Codoped porous carbon nanofibres as a 
potassium metal host for nonaqueous K-ion batteries, 
Nat. Commun., 2022, vol. 13, no. 1, pp. 4911. 

[123] K. Lei, C. Wang, L. Liu, Y. Luo, C. Mu, F. Li, J. Chen, A 
porous network of bismuth used as the anode material for 
high‐energy‐density potassium‐ion batteries, Angewandte 
Chemie Int. Ed., 2018, vol. 57, no. 17, pp. 4687–4691. 

[124] L. Hu, I.D. Johnson, S. Kim, G.M. Nolis, J.W. Freeland, 
H.D. Yoo, T.T. Fister, L. McCafferty, T.E. Ashton, J.A. 
Darr, J. Cabana, Tailoring the electrochemical activity of 
magnesium chromium oxide towards Mg batteries 
through control of size and crystal structure, Nanoscale, 
2019, vol. 11, no. 2, pp. 639–646. 

[125] D. Aurbach, I. Weissman, Y. Cofer, E.Levi, Nonaqueous 
magnesium electrochemistry and its application in 

https://doi.org/10.1016/j.coelec.2018.03.033
https://doi.org/10.1016/j.coelec.2018.03.033
https://doi.org/10.1016/j.coelec.2018.03.033
https://doi.org/10.1016/j.coelec.2018.03.033
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1149/1945-7111/abcd12
https://doi.org/10.1039/d0ta02499f
https://doi.org/10.1039/d0ta02499f
https://doi.org/10.1039/d0ta02499f
https://doi.org/10.1039/d0ta02499f
https://doi.org/10.1039/d0ta02499f
https://doi.org/10.3390/membranes12040416
https://doi.org/10.3390/membranes12040416
https://doi.org/10.3390/membranes12040416
https://doi.org/10.3390/membranes12040416
https://doi.org/10.3390/membranes12040416
https://doi.org/10.3390/batteries8070061
https://doi.org/10.3390/batteries8070061
https://doi.org/10.3390/batteries8070061
https://doi.org/10.3390/batteries8070061
https://doi.org/10.1007/s11581-017-2104-z
https://doi.org/10.1007/s11581-017-2104-z
https://doi.org/10.1007/s11581-017-2104-z
https://doi.org/10.1007/s11581-017-2104-z
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1016/j.susmat.2019.e00104
https://doi.org/10.1038/s41467-022-32794-z
https://doi.org/10.1038/s41467-022-32794-z
https://doi.org/10.1038/s41467-022-32794-z
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1007/s10008-012-1781-9
https://doi.org/10.1016/j.jallcom.2022.166731
https://doi.org/10.1016/j.jallcom.2022.166731
https://doi.org/10.1016/j.jallcom.2022.166731
https://doi.org/10.1016/j.jallcom.2022.166731
https://doi.org/10.17586/2687-0568-2021-3-4-47-51
https://doi.org/10.17586/2687-0568-2021-3-4-47-51
https://doi.org/10.17586/2687-0568-2021-3-4-47-51
https://doi.org/10.17586/2687-0568-2021-3-4-47-51
https://doi.org/10.1021/ic201952x
https://doi.org/10.1021/ic201952x
https://doi.org/10.1021/ic201952x
https://doi.org/10.1016/j.jssc.2007.06.023
https://doi.org/10.1016/j.jssc.2007.06.023
https://doi.org/10.1016/j.jssc.2007.06.023
https://doi.org/10.1016/j.jssc.2007.06.023
https://doi.org/10.1016/j.jssc.2007.06.023
https://doi.org/10.1016/j.resconrec.2022.106634
https://doi.org/10.1016/j.resconrec.2022.106634
https://doi.org/10.1016/j.resconrec.2022.106634
https://doi.org/10.1016/j.resconrec.2022.106634
https://doi.org/10.1007/s40820-022-00914-5
https://doi.org/10.1007/s40820-022-00914-5
https://doi.org/10.1007/s40820-022-00914-5
https://doi.org/10.1007/s40820-022-00914-5
https://doi.org/10.1007/s40820-022-00914-5
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1557/s43581-022-00029-9
https://doi.org/10.1557/s43581-022-00029-9
https://doi.org/10.1557/s43581-022-00029-9
https://doi.org/10.1557/s43581-022-00029-9
https://doi.org/10.1002/aenm.201702869
https://doi.org/10.1002/aenm.201702869
https://doi.org/10.1002/aenm.201702869
https://doi.org/10.1002/aenm.201702869
https://doi.org/10.1134/S1023193518020076
https://doi.org/10.1134/S1023193518020076
https://doi.org/10.1134/S1023193518020076
https://doi.org/10.3390/molecules27196516
https://doi.org/10.3390/molecules27196516
https://doi.org/10.3390/molecules27196516
https://doi.org/10.3390/molecules27196516
https://doi.org/10.1149/1.1393348
https://doi.org/10.1149/1.1393348
https://doi.org/10.1149/1.1393348
https://doi.org/10.1002/adma.201503221
https://doi.org/10.1002/adma.201503221
https://doi.org/10.1002/adma.201503221
https://doi.org/10.1002/adma.201503221
https://doi.org/10.1002/adma.201503221
https://doi.org/10.1016/j.nanoen.2017.12.042
https://doi.org/10.1016/j.nanoen.2017.12.042
https://doi.org/10.1016/j.nanoen.2017.12.042
https://doi.org/10.1016/j.nanoen.2017.12.042
https://doi.org/10.1021/acs.chemrev.9b00463
https://doi.org/10.1021/acs.chemrev.9b00463
https://doi.org/10.1021/acs.chemrev.9b00463
https://doi.org/10.1039/d0ee02917c
https://doi.org/10.1039/d0ee02917c
https://doi.org/10.1039/d0ee02917c
https://doi.org/10.1039/d0ee02917c
https://doi.org/10.1038/s41467-022-32660-y
https://doi.org/10.1038/s41467-022-32660-y
https://doi.org/10.1038/s41467-022-32660-y
https://doi.org/10.1038/s41467-022-32660-y
https://doi.org/10.1002/anie.201801389
https://doi.org/10.1002/anie.201801389
https://doi.org/10.1002/anie.201801389
https://doi.org/10.1002/anie.201801389
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1039/c8nr08347a
https://doi.org/10.1002/tcr.10051
https://doi.org/10.1002/tcr.10051


Review of Materials for Electrodes and Electrolytes of Lithium Batteries 61 

secondary batteries, Chem. Rec., 2003, vol. 3, no. 1, pp. 
61–73. 

[126] F. Bella, S. De Luca, L. Fagiolari, D. Versaci, J. Amici, 
C. Francia, S. Bodoardo, An Overview on Anodes for 

Magnesium Batteries: Challenges towards a Promising 
Storage Solution for Renewables, Nanomaterials, 2021, 
vol. 11, no. 3, art. no. 810.

 
 
 
УДК 621.355 

Обзор материалов для электродов и электролитов литиевых  
аккумуляторов 

Е. Подлеснов, М.Г. Нигаматдьянов, М.В. Дорогов 

Институт перспективных систем передачи данных Университета ИТМО, Кронверкский пр., д. 49, лит. А, Санкт-Петербург, 
197101, Российская Федерация 

 

Аннотация. Литий-ионные аккумуляторы по-прежнему являются эффективными и надежными системами хранения энергии 
и широко используются в портативной электронике и электромобилях. В данном обзоре описаны типы существующих в 
настоящее время литиевых аккумуляторов, системы с анодами, катодами и электролитами из различных материалов, а также 
методы их исследования. В частности, он начинается с краткого введения в принципы работы литий-ионных аккумуляторов 
и устройства ячеек, а затем дается обзор методов исследования аккумуляторов. Особое внимание уделено использованию 
наноразмерных частиц для модификации электродов и электролитов, а также сополимеризации индивидуальных полимеров 
гель-полимерного электролита. В обзоре анализируются возможные будущие разработки и перспективы пост-литиевых ак-
кумуляторов. 

Ключевые слова: литий-ионные аккумуляторы; гель-полимерные электролиты; твердотельные электролиты; электроды; на-
ночастицы 
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