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Abstract: Batteries are the heart and the bottleneck of portable electronic systems. They power
electronics and determine the system run time, with the size and volume determining factors in
their design and implementation. Understanding the material properties of the battery components—
anode, cathode, electrolyte, and separator—and their interaction is necessary to establish selection
criteria based on their correlations with the battery metrics: capacity, current density, and cycle
life. This review studies material used in the four battery components from the perspective and
the impact of seven ions (Li*, Na*, K*, 7Zn%t, Ca%t, Mg2+, and AI®Y), employed in commercial and
research batteries. In addition, critical factors of sustainability of the supply chains—geographical raw
materials origins vs. battery manufacturing companies and material properties (Young’s modulus
vs. electric conductivity)—are mapped. These are key aspects toward identifying the supply chain
vulnerabilities and gaps for batteries. In addition, two battery applications, smartphones and electric
vehicles, in light of challenges in the current research, commercial fronts, and technical prospects,
are discussed. Bringing the next generation of batteries necessitates a transition from advances in
material to addressing the technical challenges, which the review has powered.

Keywords: energy storage; ions diffusion; batteries; batteries” components; sustainability

1. Introduction

Batteries are one of the most widely commercialized energy storage systems and have
been extensively used for powering portable electronic devices [1-4]. This widespread
use of batteries has transformed our daily lives and is leading the future of multifunc-
tional, interconnected, and energy-independent devices [5]. For example, the Internet
of Things (IoT) integrates devices that work not just as sensors, but also as transmitters
of the sensing signals, and these devices require batteries with a higher level of perfor-
mance (higher energy density and long cycle life) to power their operations [5,6]. To
satisfy the requirements of these applications (size, portability, and flexibility), rapid ad-
vances have been made toward exploring new materials. Different materials have been
used for the battery components: cathode [7-9], anode [10-12], electrolyte [13-15], and
separators [16,17]. Any decision about the next generation of batteries will have to move
beyond trial and error toward a material-based selection. This decision has to leverage the
best material performance vs. availability.

Historically, the evolution of batteries has been a slow process that combines not
only intelligence but also serendipity to integrate the suitable component materials that
would enable the development of practical batteries with acceptable parameters: voltage,
capacity, and energy density [18]. In 1800, Alessandro Volta discovered that particular
liquids allow for the flow of electrical power if they are used as a conductor. Joining silver
(Ag) and zinc (Zn) electrodes in an electrolyte, Volta realized that the voltage generated in
the terminals could be controlled with stacked voltaic cells [19,20]. Then, in 1802, William
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Cruickshank started the mass production of electric batteries (non-rechargeable), changing
the Ag electrode to a copper (Cu) one. It was not until 1859 that the rechargeable battery
was invented by Gaston Plante, employing an alternative technology that integrates lead
(Pb) electrodes and acid as the electrolyte. Afterward, the nickel-cadmium (NiCd) battery
was introduced in 1899. The use of Ni and Cd electrodes allowed for a higher energy
density than Pb-acid batteries in a smaller and lighter size. The development of NiCd
batteries made the use of portable devices possible. Due to safety issues, Cd was replaced
with metal-hydride and, quickly, NiMH batteries became the most widely used kind of
batteries in 1947 [21]. The 1960s saw the beginnings of lithium (Li) based batteries which
had a higher energy density. However, it was only 30 years later that the main difficulties
with Li batteries, such as volume expansion, dendrite growth, and side reactions, were
acceptably resolved, resulting in the introduction of lithium-ion batteries (LIBs). At that
time, these batteries reported the highest energy density by joining a graphite anode and
a LiCoO, cathode [22]. Since then, LIB components have been optimized to increase the
energy density.

To manufacture batteries with high energy density, several materials have been used.
Metals are the most promising materials for anodes because they can deliver high capacity
density. Li is the most studied metal due to its high capacity density and low potential. The
concern about using Li is its scarcity. It is estimated that the current Li production cannot
meet the demand in the coming decade unless the sustainability of extraction methods
could be improved and a recycling process could be effectively developed [23,24]. To
alleviate concerns about Li availability, alternative metal anodes have been studied. These
alternatives include sodium (Na), potassium (K), zinc (Zn), calcium (Ca), magnesium (Mg),
and aluminum (Al), with their respective working ions [15]. Today, the use of metal anodes
in practical batteries is still limited by the dendrite growth [22], the large ionic size [25],
low-voltage window, and irreversibility [26]. For cathodes, sulfur (S) [7] and oxygen
(O) [27] have been studied as an alternative to traditional transition metal oxide electrodes.
For electrolytes, switching from carbonates and ionic liquids to polymers and ceramic
solid-state is a trend that can address safety concerns and offer additional mechanical
properties while fulfilling the functions of separators.

To demonstrate the evolution of batteries, Figure 1 presents a bibliometric review of
published articles from 1990 to 2021 and compares seven battery types according to the
working ions Li*, Na*, K*, Zn**, Ca®*, Mg?*, and AI**. In Figure 1, the difference between
estimations and the actual number of publications demonstrates the drop off in research in
2020 and 2021, which could be the result of the pandemic [28].

The pie graphs show that Li-based batteries are the most studied (~70 % of the publi-
cations), followed by Na-based batteries (~14 %) and Zn-based batteries (~7 %). This is
because LIBs have shown successful practical application in portable electronic devices
and electric vehicles, and most research moved to lithium systems for developing efficient
battery component materials to achieve higher performance [29]. Current battery technolo-
gies based on Li include LIB (~240 W hkg~1) [4], Li-Sulfur ( Li—S 2600 W hkg~1) [30,31],
Li-Oxygen (Li—O, 3500 W h kg_l) [32,33], and Li-air [34] technologies.

Na-based batteries have also been widely explored since Li and Na electrode materials
have similar structures, and most of the electrode materials discovered for Li batteries
have been tested on Na cells [35]. Na-based batteries include Na-ion (SIB) [36], Na-sulfur
(~1274 Whkg 1) [37], Na-selenium (Na-Se), and Na-oxygen (Na—0O,) [27]. In the case of
Zn-based batteries, Zn-air has been successfully commercialized as non-rechargeable cells,
and used in applications such as hearing aids. Today, interest is focused on the possibility
of switching to rechargeable cells [38]. Zinc-based batteries include Zn-air (1086 Whkg 1)
and Zn-ion (ZIB) technology.

In contrast, the published articles for K, Ca, Mg, and Al represent only ~9 % of the
total publications. This could be the result of drawbacks that have not yet been resolved
and that limit the development of practical batteries. However, there seems to be a growing
interest in these new technologies considering that the percentage of publications has
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increased from 2020 to 2021. Some examples of these technologies are K-ion (KIB) [25],
K-S (1023 Whkg™1) [39], Ca-ion (CIB), Mg-ion (MIB), Mg-S, Mg-air [40], Al-ion (AIB) and
Al-air batteries.

Previous reviews have addressed battery progress from three perspectives: (1) study-
ing the state of the art of a specific battery part, such as anodes [41], cathodes [42], elec-
trolytes [15], and separators [17], (2) focusing on only one battery technology [39], and
(3) comparing two or three battery technologies [43]. The main contribution of this review
is that we analyze the materials for anodes, cathodes, electrolytes, and separators from
seven battery types according to the working ion: Li*, Na*, K*, Zn**, Ca**, Mg®*, and AI**.
For these materials, we studied the parameters (voltage, capacity, current rate, Coulombic
efficiency, retention, and cycle number) that determine the battery performance (capacity,
energy, and lifetime). This review is organized as follows. Battery specifications are de-
scribed in Section 2, which includes electrical parameters, battery types according to their
mechanical and chemical characteristics, and sustainability factors. Anodes and cathode
types are described widely in Sections 3 and 4, respectively. Electrolytes and separators
are explained in Section 5. Finally, we added a section on battery applications, and we
concluded with the perspectives of materials for manufacturing electrodes, electrolytes,
and separators.
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Figure 1. Number of publications per year including words “Aluminum Battery”, “Magnesium
Battery”, “Calcium Battery”, “Zinc Battery”, “Potassium Battery”, “Sodium Battery”, and “Lithium
Battery”. The gray line represents the number of publications per year including “Battery” or
“Batteries”. The pie charts show the percentage of publications in the years 2020 and 2021. Graph
constructed by the authors. Data from Web of science.

2. Battery Specifications

A battery is an electrochemical energy storage system that converts chemical energy
into electrical energy. A battery consists of several electrochemical cells which integrate
four main components as shown in Figure 2: (1) the anode or negative electrode; (2) the
cathode or positive electrode; (3) the electrolyte that is the medium between the anode
and cathode; and (4) the separator, a membrane to physically separate the anode and the
cathode electrically. During discharge, ions move from the anode to the cathode through
the electrolyte, and electrons flow from the anode to cathode through an external circuit.
During charge, ions come back to the anode through the electrolyte while an external source
forces the electrons to move from the cathode to the anode side. Although Li" is the most
used, other working ions include Na*, K*, Zn**, Ca®*, Mg?*, and AI**. It is crucial to keep
in mind that the chemistry inside a battery changes according to the working ion used.
Therefore, the anodes and cathodes used for Li-based batteries cannot be frequently used
in the other battery types.
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Figure 2. Illustration of the crucial internal components of a battery, showing different types of
materials researched for cathodes, anodes, electrolytes, and separators. Arrows indicate the flow of
electrons (through the external circuit) and ions (through the electrolyte) during the charging (red)
and discharging (blue) process. Graph constructed by the authors.

Figure 2 also presents a general classification of materials used for anodes, cathodes,
and electrolytes, and their internal structures according to the operating mechanism. These
mechanisms are explained in Sections 3, 4 and 5, respectively. This section provides the
terminology, including electrical parameters, types, and sustainability factors, of batteries
and their component materials.

2.1. Electrical Parameters

Electrical characteristics are technical operating parameters to assess battery perfor-
mance. These parameters are used to describe the present condition of a battery, such
as state of charge, depth of charge, internal resistance, terminal voltage, and open-circuit
voltage, or to compare manufacture specifications, such as capacity, C-rate, nominal voltage,
cut-off voltage, energy, power, and cycle life. Electrical parameters are usually presented in
graphics to compare different technologies. For example, the Ragone plot is a typical graph
that contrasts the energy and power density of different battery chemistries.

The battery parameters used in this review are defined in this section. The first
parameter is the capacity. Capacity is the charge that a battery can store and is established
by the mass of the active material. Capacity refers to the total amount of Amp-hours
(Ah) available when the battery is discharged. To determine the capacity, it is necessary
to multiply the discharge current by the discharge time. The second relevant parameter
is C-rate, which is defined as the battery discharge current according to battery capacity.
C-rate gives a measure of the rate at which a battery is discharged relative to its maximum
capacity. For example, 1C rate means that the battery with a capacity of 1000 mA h could be
discharged in 1 h at a current of 1000 mA. For this battery, 5 C rate means that the battery is
discharged in 12 min at 5000 mA, and a C/2 rate means that the battery is discharged in 2h
at 500 mA. In addition, there is an inversely proportional relationship between the capacity
and the C-rate, which means that battery capacity decreases when the C-rate increases.
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Another battery parameter is voltage, which indicates the difference between cathode
and anode potential. To achieve a high voltage, an ideal cathode should have a high
potential, while an ideal anode should have a low potential. Usually, the reported voltage
of the battery is called nominal voltage, and the minimum acceptable operational voltage,
which defines the “empty” state of the battery, is the cut-off voltage. Power is how many
watts are stored, which is calculated by multiplying the voltage by the current density.
Commonly, power is given per unit mass, specific power (W kg~1), or per unit volume,
power density (WL™!). Power density determines the battery size needed to achieve a
given performance purpose. Energy is the watt hour that a battery supply at a certain
C-rate. Energy is also expressed per unit mass as specific energy (Whkg~!) or per unit
volume as energy density (WhL™1) [44]. Cycle life is the number of discharge—charge
cycles the battery performs while maintaining specific performance criteria.

State of charge (SOC%) describes the instant battery capacity as a percentage of
maximum capacity. Depth of discharge (DOD%) expresses the battery capacity that has
been discharged of maximum capacity as a percentage. Internal resistance is the resistance
inside the battery that varies for charging and discharging. If the internal resistance
increases, the battery efficiency and thermal stability are reduced since the charging energy
is converted into heat.

Table 1 summarizes the standard electrical parameters that are used to evaluate the
performance of batteries and their components. The symbol, the unit, and a brief definition
of each parameter are included.

Table 1. Selected electrical parameters of batteries [44,45].

Parameter Symbol Unit Description
Voltage v v Cell voltage is cathode potential minus
anode potential.
. The maximum electrical charge stored in
Capacity Ct Ah the cell.
Specific Capacity Cs Ahkg~! The capacity of electrodes is usually provided

per mass of active material.

Maximum energy delivered by a given
Energy E Wh system with a theoretical voltage and a
theoretical capacity: E; = C; x V.
Maximum energy of a cell per mass of the

. pe -1
Specific Energy Es Whkg whole battery: E — Em-1
Nominal battery ener er unit volume of
; —1 y gy p
Energy Density Ed WhL the whole battery: Ed = E/volume.
Coulombic Efficiency 7 o Ratio of discharging and charging capacity.
‘ e = Cdischurge/ccharge~
Measure for the charging/discharging current
Corate c ) of an electrochemical cell. A C-rate of 1
corresponds to a full charge/discharge within
1h.C= iappliez:l/ilh-
Current Density J Am~2 Electric current per cross-sectional area.
Cycle Life - - Cycle numbers.

2.2. Battery Types

Batteries can be classified in three different ways according to the chemical interaction
of their components during the redox reaction. First, batteries are rechargeable if the
redox reaction is reversible, and non-rechargeable if the reaction occurs just once. Second,
batteries can be categorized as monovalent or multivalent according to the charge carrier
ions. Finally, batteries can be organic or inorganic, depending on the material type used
for manufacturing.
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Rechargeable or Non-Rechargeable

Inside a battery, chemical energy is converted into electrical energy through a redox
reaction. The anode is oxidized and delivers electrons to the cathode that is reduced.
The electrochemical reaction is irreversible in non-rechargeable systems, also known as
primary batteries. In consequence, the battery must be replaced after the discharge. In a
rechargeable battery, also called a secondary battery, the chemical reaction is reversible. As
a result, the battery can be charged from an external source and restored to the original
chemical conditions within the cell [21,46].

Monovalent and Multivalent

A monovalent battery is a mature technology in which each ion generates one electron
in the external circuit. On the other hand, in a multivalent battery, one ion generates two or
three electrons in the external circuit, depending on the charge carrier ions. Consequently,
in multivalent batteries, a higher current density is generated, and also the capacity could
be doubled or tripled [47,48]. Common monovalent ions are Li*, Na*, and K*, and the most
researched multivalent ions are Zn2*, Ca%*, Mg2+, and AP+,

Multivalent batteries are in the research stage, and technical challenges, such as
instability and short cycle life, must be addressed to manufacture commercial applications
successfully. Instability and short cycle life could be ascribed to volume expansion, interface
degradation and active losing. For example, the electrode volume expansion, generated by
the extra electrons, causes electrode breaks. In addition, Al and Ca electrodes reversibility
was recently demonstrated [49,50], and it is still necessary to improve stability and the cycle
life of these systems [47]. Finally, the cell assembly of multivalent batteries requires strong
atmosphere control procedures to avoid contaminants such as water or oxygen, which
could generate the formation of the passive film in an anode electrode [47].

Organic and Inorganic

Commercial batteries are built with inorganic materials since they have a higher
specific capacity than organic materials. These inorganic materials include heavy metals,
such as Co, Pb, and Ni, and alkaline metals, such as Li. The concern about using these
materials is because of the negative environmental impact from their toxicity and danger
to human safety. Conversely, organic batteries are built using organic battery materials
composed of C, H, O, N, or S. Some of the most common organic materials are based
on metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), that are
crystalline porous materials with large surface areas, well-defined crystalline structures
and highly ordered pores [51]. Interest in these organic materials surged due to their low
cost and high availability. They are studied as active material in electrodes as well as
electrolytes and separators [52]. Organic batteries exhibit a high rate of performance and a
longer cycle life than inorganic batteries. This is to due to the fact that the redox process in
organic batteries is fast, and it does not imply changes in the layer structure of intercalation
materials used in inorganic batteries [52-55]. However, the low conductivity limits their
practical application, and, therefore, it is necessary to continue researching solutions for
this challenge [51].

Flow Batteries

Flow batteries are an energy storage system based on electrochemical technology in
which at least one electrode should be a solution. The difference between a traditional and
flow battery is that the charge-discharge process occurs directly in a conventional battery
since there is no spatial parting between the energy conversion unit and active material.
On the other hand, in a flow battery, the energy conversion unit and active material are
physically separated from each other [2]. The flow battery promises to be an alternative
for large battery systems by pumping fluids from external tanks through a membrane that
resembles a battery. This operation mechanism limits their application in wearable and
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portable devices, generating issues due to corrosion, high cost, and adverse environmental
and safety impact [56].

Batteries can also be rigid or flexible according to the fabrication processes, material
mechanical properties, and internal configuration. Rigid batteries have hard packing,
and they are manufactured based on the slurry-casting method and also by dry electrode
technology [57]. In contrast, flexible batteries (FB) are based on multilayers of a sepa-
rator sandwiched by two electrodes, with a versatile packing [58]. The advantages and
disadvantages of rigid and flexible batteries are described in the following paragraphs.

Rigid Batteries or Flexible Batteries

Rigid batteries are the largest commercial battery market, which provides a wide
range of capacities. The rigid packages offer mechanical stability and protection to the
internal components. Although today there are a large number of battery sizes and shapes,
rigid batteries can be classified into four types of shape: coin, cylindrical, prismatic, and
pouch [1] (Figure 3).

\ ™
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Anode oy

Separator
—
Separi Cathode
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Figure 3. Typical battery configurations. Flexible: 1D, 2D, and 3D. Rigid: coin, cylindrical, prismatic,

.

and pouch. Graph constructed by the authors.

Coin cells, also known as button cells, are small disk batteries that consist of a single
cell encased in stainless steel, as presented in Figure 3. Typically, these cells have a diameter
of 5mm to 25mm and a height of 1 mm to 6 mm. Voltage in coin cells is between 1.4V
and 3V, and the capacity is between 1mAh and 2000 mAh. Applications of coin cells
include powering small portable electronic devices, such as wristwatches and hearing
aids. Therefore, these cells should exhibit a long service life, at least one year, since they
are frequently non-rechargeable cells. Commercial coin cells include chemistries such as
Lithium-manganese dioxide, and Zinc-air [59].

Cylindrical cells consist of layered electrodes and separators rolled and encased in a
metal casing as shown in Figure 3. These cells have different sizes, varying in the range
of 8mm to 20 mm in diameter and 25mm to 70 mm in height. Standard size references
are A, AA, or AAA for alkaline and Ni-metal-hydride, which have a voltage of 1.5V
and a capacity between 700 mA h to 3000 mA h. For LIB, the most common size is 18,650,
which has a voltage of 3.7V and a capacity of 3900mA h. Usually, cylindrical cells are
used in portable devices, power tools, medical instruments, laptops, e-bikes, and electric
vehicles due to their high specific energy, good mechanical stability, and their ability to be
rechargeable or non-rechargeable. It is also easy to implement automatic manufacturing
for this battery [59].
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In prismatic cells, the electrodes are usually manufactured in a flattened spiral to have
a very thin profile. As presented in Figure 3, the cell is contained in a rectangular package.
Currently, no standard size exists; each manufacturer can design prismatic cell batteries to
satisfy specific requirements of different applications. Voltage in prismatic cells is between
3V and 3.7V, and the capacity is between 800 mA h to 400 mA h. These cells offer better
space usage with a thin profile design, increasing their manufacturing cost. Additionally,
they exhibit less efficiency in thermal management, producing swelling and shorter cycle
life than the cylindrical design. Applications of these cells include mobile phones, tablets,
and low-profile laptops [60].

Pouch cells are a soft and lightweight battery design. These cells were created using
conductive foil welded to the electrodes and eliminating the metal enclosure to support
expansion during battery operation. Similar to prismatic cells, pouch cells do not have a
standard form, giving freedom to manufacturers to design customized cells. Commonly,
pouch packs are used by Li-polymer batteries for portable applications that demand high
load currents, such as drones and hobby gadgets. However, cell expansion is a hazard since
pouch packs can grow from 10 % over 500 cycles, and the pressure created can crack the
battery cover, generating ignition [60].

FB are highly interesting since they can satisfy the superior flexibility and durability
required for wearable and portable electronic devices. The market for flexible, printed, and
thin-film batteries is expected to be $109.4 million by 2025 [61]. To supply the emergent
demand for bendable and stretchable devices, battery components and packaging materials
should be flexible in tolerating stress [62]. Therefore, alternative fabrication techniques,
such as 3D printing, should be developed [63].

Currently, there are two approaches to manufacturing FB: (1) developing new flexible
materials, and (2) designing innovative structures [62,64]. Flexible materials include carbon-
based (carbon nanotubes CNT and graphene), metal-based, hybrid nanocomposite, and
conducting polymers. Metal-based materials require particular structure manufacturing
to exhibit flexible behavior, such as serpentine layouts and buckled structures, or using
a flexible substrate [65-67]. Hybrid nanocomposites integrate the electrical properties of
nanostructured rigid filler in a flexible way.

On the other hand, suggested structural designs to achieve mechanical deformations
can be organized inside one of three groups: (1) one-dimensional (1D) cells; (2) two-
dimensional (2D) cells; and (3) three-dimensional (3D) cells (Figure 3). One-dimensional
cells include wire and ribbon shapes, which allow a deformation with different degrees of
freedom. Wire structures can be a coaxial or non-coaxial design, and the device performance
is influenced by the geometry of the materials used. Two-dimensional cells integrate thin-
film and planar shapes. These cells are based on thin (1-10 mm thickness) film or a single-
layer material. Furthermore, some 3D architectures, such as kirigami and origami, have
been designed to achieve several bending modes. Three-dimensional cells are commonly
used in batteries with solid electrolytes. Their design consists of interpenetrating electrodes
or multi-layered devices, which are highly stretchable in the direction perpendicular or
parallel to that of the electrodes [58,68].

2.3. Sustainability Factors

Battery cost is determined by different elements, including the availability of materials,
cell chemistry, and the manufacturing process [23]. For example, in the last 20 years,
different chemistries and materials have been tested to improve LIB performance [24]. This
has increased energy stored in LIBs from around 200WhL~! to more than 700WhL™!,
and reduced the costs by 30 times, to around $ 100/kWh [23].

The availability of materials to supply increasing energy demand has generated debate
since commercial LIBs are manufactured with lithium and cobalt, which are scarce raw
materials (Figure 4). It has been forecast that this demand for electric energy could reach up
to 1000 GW h by 2025, and it will at least double by 2030. As a result, it has been estimated
that the demand for these materials cannot be met, thus, increasing the cost [24]. To address
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raw material availability concerns, novel battery technologies based on abundant materials
have been researched.

Figure 4 illustrates the abundance of the Earth’s crust, costs, Young’s modulus, and
the electrical conductivity of raw materials used in commercial and prototype batteries. Na,
K, Zn, Ca, Mg, and Al are promising materials for batteries since they are more abundant
than Li. In addition, the costs of these abundant materials are lower than the costs of Li.
Although in most batteries, the materials are used in the form of compounds instead of
elements as presented in the Figure, identifying all compounds is challenging. Therefore,
the elements that are used to create the compounds were selected. These results suggest
that battery costs can be reduced using abundant and cheaper materials for manufacturing.
Young’s modulus is a mechanical property that refers to the ratio of stress to a strain of
a material. Figure of merit (fp,)) of materials flexibility exposes that a small Young’s
modulus provides a high flexibility, being a critical parameter in guiding an appropriate
selection of materials for the design of flexible batteries [69,70]. Finally, high electrical
and ionic conductivity are crucial to promote electron transference, determining the rate
performance in batteries [62].
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Figure 4. Elements used in battery manufacturing organized from low to high availability. The
first column represents the abundance in the earth’s crust. The second shows the cost per 100 g
of the pure element. The third represents the Young modulus. The fourth shows the electrical
conductivity. The length of the bars is normalized between the lowest and highest value for each
parameter. The * symbol indicates that there is no value. Graph constructed by the authors. Data
from Chemicool.com.
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The manufacturing process is another critical point that affects battery cost. Commer-
cial batteries integrate raw materials that are distributed around the world, as shown in
Figure 5, while the countries that fabricate batteries are not the ones that produce raw ma-
terials. For instance, the raw materials for LIBs, such as lithium and cobalt, are distributed
in South America and Africa, while the significant battery manufacturing companies are in
China, Germany, Japan, the Republic of Korea, and the USA. As a result, battery companies
must import raw materials to manufacture batteries. Another challenge in manufacturing
is to achieve sustainable production through a reliable provision of raw materials and
appropriate management of materials at the end of battery life. Some proposed solutions
include reusing waste battery materials, resource conservation, useful creation, and reliable
mining policies [71].

- =
BOSCH  Norway - =EEe
- [ Printechnologics Russia g
Canada . - - & Panasoni ic
« » ; oy =
= Poland e E Sl= Japan
< e BRIGHTVOLT Kazakhstan =m@ngh = .
a o
carmin = H |5 'MPRINT Turkey e OIS @4 GS NANOTECH
e ExceuaTrRON -B J=ENAX
- Republic Ty
Saudi R | | n of Korea
Mexico arabia Ingla Laos
Philippine:
| | -
Peru o Gabon Ronat Indonesia
Brazil
100% =
Madagascar
[ :
y B =
Chile Soun -
60% ou
- africa Australia

40% Argentina
i
: . -
2z 2+ Cy

o - - ‘

Figure 5. Geographical distribution of mineral resources vs. battery manufacturing companies.
(A) Countries with mineral resources, (B) countries with mineral resources and manufacturing
companies, and (C) manufacturing countries. Note: the length of the bar indicates the relative
fraction of the total production. Graph constructed by the authors. Data from US Geological Survey,
Mineral Commodity Summaries 2020.

Batteries manufactured annually will grow as the population and demand for portable
electronic devices increase. Although batteries can help reduce the negative impacts of
fossil fuels, it is necessary to address environmental pollutants that batteries generate during
manufacturing, use, transportation, collection, storage, treatment, disposal, and recycling [72].

3. Anodes

The anode is the negative electrode of a battery that oxidizes (loss of electrons) during
the discharge process [22], and it plays different roles according to the work ion, critical
for the operation of rechargeable and non-rechargeable batteries. An ideal anode for
rechargeable batteries should have a high capacity, low potential against cathode material,
low volume expansion, long cycle life, low cost, and environmental compatibility [73].
Metals, such as Li, Na, K, Mg, Ca, Zn, and Al, have been explored as potential anodes due
to their high energy density and low potential.

One of the main limitations of using metals as anodes is that they are susceptible to
dendrite growth. Dendrite growth is a phenomenon that consists of the growth of branches
on the anode surface, reducing the energy density and cycle life. Additionally, dendrites
cause safety concerns since they can break the separator, generating a short circuit and battery
explosion. The mechanism and behavior of dendrite growth are still being researched, and
some models to describe them are (1) the thermodynamic model, (2) the space—charge model,
(3) the stress and inelastic deformation model, (4) the film growth model, and (5) the phase
field kinetics model [74]. To address these metal anode issues, alternative materials have
been researched. These materials have been classified into three types according to the
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electrochemical mechanisms of operation: (1) intercalation, (2) alloys, and (3) conversion. The
advantages and disadvantages of each mechanism are explained in the next paragraphs.

The intercalation mechanism consists of the intercalation and deintercalation of ions into
the crystal lattice of the host material [75]. Common intercalation anodes materials are based
on carbon, e.g., graphite, graphene sheets, hard carbon, and soft carbon, and titanium oxides,
such as LiyTisO;, (LTO) and TiO, . Carbon-based materials have good working potential,
low cost, and safety. The issues with using carbon anodes are high voltage hysteresis and
high irreversibility capacity. Titanium oxide-based materials also have low cost, long cycle
life, and high power capacity, but they are limited by a low energy density [73].

In the alloy mechanism, two or three elements are combined in a well-controlled
process to produce desirable properties. The operation is governed by the chemical reaction
of xAT + xe~ + M — AM. Usually, A and M represent metals or metalloids such as Li,
Na, K, Zn, Ca, Mg, Al, Si, Sn, Ge, and P. Alloys can be in a liquid or solid state at room
temperature, and both metals can act as electrochemically active materials. Alloy anodes
are promising materials since they have a high specific capacity, low potential, and these
anodes have been shown to avoid dendrite growth [11]. Some challenges that alloys face are
the volume expansion and the secondary reactions during the charge and discharge cycle.
This volume expansion causes mechanical fractures, instability of the SEI, and swelling at
the electrode level [73].

Conversion anodes are compounds that include oxides, fluorides, phosphides, and
sulfides. The conversion redox reactions result in the formation of the metallic phase,
which involves the breakdown of a single-crystalline parent material to polycrystalline
metallic particles dispersed in an amorphous alkali oxide matrix [12]. Conversion reaction
is determinate by the chemical reaction of MyR, + (y * n)A — xM + yA,;R where M is
a transition metal, R: O, S, Se, P, H, and A represent Li, Na, K, Zn, Mg, Ca, or Al. The
main advantage is the high specific and volumetric capacity. The practical application
of conversion anodes is limited by the following points: (1) the large volume change,
(2) the large voltage hysteresis between charge/discharge profiles, (3) the cycle instability,
(4) the sloping region in the charge-discharge profile; (5) the low Coulombic efficiency, near
75 %, and (6) the low diffusion coefficient of alkali ions in the material and the diffusion
path length. Strategies studied for improving the performance of conversion materials
are (1) size control of particles, (2) morphological control, (3) composition control of the
material (sulfides, selenides, phosphides, hydrides, polymers, and carbon materials), and
(4) architectural control (heterostructures based on patterned electrodes and thin-film
deposition techniques) [12,73].

Figure 6 presents the increasing research on “negative electrodes”. Although anodes
for Li-based batteries are the most studied, since 2010, there has been an increasing interest
in abundant elements.
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Figure 6. Publications per year about negative electrodes, comparing seven battery types: Li, Na, K,
Zn, Ca, Mg, and Al. Graph constructed by the authors. Data from Web of Science.
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In this section, we present the anode materials commercialized and researched for
each battery type, describing their main properties and showing the strategies explored to
address the challenges.

3.1. Anodes for Lithium-Based Batteries

The anodes discussed for Li batteries include pure Li metal, intercalation (carbon and
titanium-based), alloys (Si, Ge, B, Al ), and conversion (transition metal oxides (TMO),
transition metal sulfides (TMS), phosphides, and nitrides) materials.

Li is the alkali metal with the highest theoretical specific capacity (3860 mAhg~!) and
the most negative potential —3.04 V vs. the standard, hydrogen electrode (SHE) [22]. Li
anodes have been studied since the 1970s when Stanley Whittingham introduced Li anodes
in room-temperature batteries [4]. These anodes were not commercialized due to safety
issues, such as explosions caused by the reactive nature of Li and dendrite growth [76].
There have been three directions to tackle the Li anode issues: (1) designing structured
anodes, (2) assessing organic or solid-state electrolytes (Section 5), and (3) replacing Li
anodes. As an example of structured anodes, a stable Li-metal anode composed of 2D arrays
of NbN nanocrystals was explored as a Li host [77], achieving high metallic conductivity,
high ion transport channels, and high capacity (2340 mA hg~!). The synthesized material
showed some properties that could suppress Li dendrite growth, such as thermodynamic
stability against Li, high Li affinity, fast Li-ion migration, and Li-ion transport through
the porous 2D nanosheets. Consequently, the anode achieves a higher 99 % Coulombic
efficiency after 500 cycles. Structured Li anodes continue in a research field with some
proof-of-concept for potential practical applications [22,34].

Carbon-based materials have been used by the battery industry to overcome Li anode
obstacles [22,73]. LIBs are currently the most commercialized battery, and they use a
graphite anode. Graphite has a theoretical specific capacity of 372mAhg~!, and a low
working potential compared to Li, allowing a good cycle life [78]. A limitation that this
material faces is a low power density due to the diffusion rate of Li into graphite, which
is between 1 x 10 cm?S~! and 1 x 107 cm? S~!. Alternative carbon materials explored to
develop high-capacity anodes are hard carbon, especially porous hard carbon. Yang et al.
synthesized two typical porous carbons, achieving a reversible experimental capacity of
433mAhg~! and 503mAhg~! [79]. Ultrafine layered graphite has also been explored
as anode. Chen et al. showed that reducing the size of the layered graphite particles
(~10 times) improves the Li-ions intercalation in the graphite crystals. As a result, the
anode can deliver >500mAhg~! in the first cycle at 40mA g~!, and 393mAhg~! in the
second [80].

Silicon has been studied as an alternative to Li and carbon anodes. Silicon is an
alloy with a theoretical specific capacity of 4200 mA h g~! and working potential of 0.4 V.
The Si properties that limit its application in practical batteries include a low electrical
conductivity (1.6 x 1073Sm™1) and Li-ion diffusivity (1.9 x 10~!* cm? S~1) [81]. Moreover,
Si exhibit a large volume change during charge/discharge (~300 %) and unstable solid—
electrolyte interface (SEI), resulting in a rapid capacity drop, large irreversible capacity, and
poor rate performance [82]. Strategies to overcome these issues include nanostructured Si,
porous Si, and polymer binders (poly(vinyli-dene fluoride) (PVDEF), carboxymethylcellulose
sodium(CMC), poly(acrylic acid)).

To develop flexible Si anodes, MXenes have been researched due to their metallic con-
ductivity, good hydrophilicity, and excellent mechanical properties. Reducing dimensions
to change properties has been studied by Zhang et al. The authors developed an MXene
nanosheet structure to confine Si-C nanoparticles [82]. The MXene framework provides
high conductivity and reduces the volume change during the lithiation/delithiation process.
As a result, the MXene-bonded Si-C film electrode shows flexibility, stability, high capacity,
and superior rate performance. Si-C film exhibits a capacity of 2276.3mA hg~! in the first
cycle and is capable of delivering 1040.7 mA hg~! after 150 cycles at a current density of
420mA g1, and it remains a capacity of 553 mA g~ ! at a current density of 8.4 Ag~1.
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Germanium (Ge) has a high theoretical specific capacity (1600 mA hg~!), high electri-
cal conductivity (2.20 Sm™1), high Li-ion diffusivity (6.25 x 10~12cm2S~1!), and an isotropic
lithiation which minimizes fracturing in the anodes [83]. The main drawback of Ge alloy
materials is their huge volume expansion (~230 %) that causes anode pulverization and
cracking, reducing their cycle life. Another issue is their high cost and scarcity. Some
strategies that have been researched to overcome these issues include low-dimensional
nanomaterials (nanowires, nanobelts, nanoparticles, and nanotubes) [84], coating design,
and porous structures. As an example, a peroxide route to produce peroxogermanate
GeO, thin films was demonstrated for the first time, which could be an alternative pro-
cess to germanium and germanium oxide coatings [85]. The GeO, thin film deposited
on graphene oxide shows an initial discharge capacity of 2067mAhg~! at a current of
100mA g~!, and it is capable to deliver a capacity of 740mAhg~! at a current rate of
2000mA g~!. The concern using this material is its low Coulombic efficiency (69%). In
another study, micro-sized porous Ge powders were synthesized and tested as anode
material [83]. The researchers suggest that reducing diffusion lengths for the lithium-ion
allows for a rapid charge and discharge compared to the bulk material. Additionally, it is
possible to improve the electrode’s mechanical integrity through porous materials capable
of hosting the volume change within their pores. As a result, the anode delivers a capacity
of 1300mAhg~! at 1000mA g~ after 340 cycles, and a 469 mAhg~! at 8000 mA g~ ! after
1800 cycles. However, a low Coulombic efficiency is exhibited in the first cycle.

Alloy anodes with two metal components are studied as an effective way to protect
alkali metal anodes, such as Li-B, Li-Al, Li-Mg, Li-In, Li-Zn, and Li-Sn Li-Na [11]. For
example, Zhong et al. showed that the Li-B alloy is capable of maintaining its structural
stability during repeated cycles [86]. Li-B anodes exhibit a capacity of 213mAhg~! with
a retention capacity of 74.5 % after 200 cycles. They also found that a Li-Al layer coating
on the Li-B anode is capable of improving the retention capacity to 86.4 % after 200 cy-
cles. It is suggested that this improved performance can be associated with the effective
suppression of Li-dendrite growth and the reduction of side reactions induced by the
mixed ion/electronic conductor of the Li-Al layer on the Li-B electrode. Li-Mg alloy was
explored since it can reach a capacity of 2950.3mAhg~!, and it shows a discharge capacity
of 606.5mAhg~! after 200 cycles working in a Li-S battery [87].

Anode materials for Li-based batteries are summarized in Table 2. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 2. Anode materials for Li-based batteries.

Specific

. Voltage . Current
Anode Material Range (V) (Cl::galcllfgy_ " (mA g~ 1) Cycles e
Intercalation
Graphite [88] 449 0.12 100
Porous Hard Carbon [79] 503 022
UF layerd Graphite [80] 0.1-2.0 393 40 800
Li,TisO;, NP/CNTs [89] 1.2-2.0 173 019 1000 98.5
TiO, [90] 0.8 330
TiO,/CNT [91] 316 66 100
TiO,/G [92] 272 168 100
Alloy
Ge [93] 0.02-1.2 1300 250 340 60
GeO/GO [85] 0-25 1000 250 50 69

Li—B [86] 213.2 200
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Table 2. Cont.

Specific

. Voltage . Current
Anode Material Range (V) (Cringalilfgy_ 5y (mA g~ 1) Cycles e
Li—B—Al[86] 211.9 100 200 83.9
Li—Mg [94] 607 50 200
Si MW [81] 3038 400 200 90
Si/C film [82] 0.1-2.5 2276 8400 150 73
Si/G [95] 3500 12,600 300
Si NP/CNTs [96] 1629 200 200
Sn NP/G [97] 1022 2000 1000
SnO, NC/G [98] 1865 500 500
Sn/SnO,/G 0.01-3.0 2970 100 75 44
ZnCo0,04/rGO 1613 500 400
Conversion
Co30,/rGO 0.01-3.0 2313 100 500 74
Coggs5e NS/G 680 50 300
CuMn,0,/G 0.01-3.0 1491 50 150 75
GaS, NF/CNTs [99] 2118 120 100

2: C-rate. CNT: carbon nanotubes, G: graphene, GO: graphene Oxide, NC: nanocrystals, NF: nanofilms, NP:
nanoparticles, NS: nanosheets, NW: nanowires, UF: ultrafine.

3.2. Anodes for Sodium-Based Batteries

The anodes discussed for Na batteries include pure Na metal, intercalation (hard
carbon- and titanium-based), alloys (5i, Ge), and conversion (TMO and TMS) [100].

Na has been used as an anode since it has a specific capacity of 1166mAhg~!, a volt-
age of —2.21V vs. SHE, and it is also abundant in the Earth’s crust [100]. The development
of Na-metal anodes started in the 1960s, using liquid Na in batteries that worked at high
temperatures (573.15 K). These batteries had an efficiency of 87 %, and they required an
external energy source to control the high operating temperature, causing high manufactur-
ing costs and safety issues [41]. Current research focuses on developing room-temperature
Na batteries, while maintaining a low-cost.

Similar to Li, graphite was explored as anode material for Na, but the intercalation
was not favorable. On the other hand, hard carbon based materials are a promising
anode which posses a low Na storage voltage and also they are low cost and non-toxic.
However, to use hard carbon anodes it is necessary to solve the low initial Columbic
efficiency, the insufficient long cycle stability and the poor rate performance [101]. An
optimization strategy of hard carbon anodes is structure control. For instance, Arie et al.
prepared sheet-like structures with sufficient mesopores and micropores (larger than that
of graphite) to facilitate the insertion and extraction of Na* during the charge-discharge
process [102]. Authors developed a hard carbon derived from the ground leaves of used
tea bags and showed a stable cycle profile, maintaining a specific capacity of 193mAhg~!
after 100 cycles at a current density of 100mA g~! and capacity of 127mAhg~! after
200 cycles at 1000mA g~!. Alternatively, Ding et al. fabricated an interconnected spiral
nanofibrous hard carbon that was able to recover after mechanical deformation [103]. The
material possessed a highly disordered carbonaceous structure with an interlayer spacing
of ~0.48 nm, which was able to store Na* and had a gravimetric capacity of 2000mAhg~!
at a current of 1000mA g~! after 1200 cycles.

Ti-based materials have also been an alternative anode for Na batteries. Titanium
dioxide TiO, has a high theoretical capacity of 335mA hg~!, high rate performance, and
good cyclability [104]. However, experimental results showed low electronic conductivity
and capacities in the range from 100mAhg~! to 150mA hg~!. To increase the conductivity
and kinetics for Na* storage, Bayhan et al. prepared 2D TiO,/TiS, hybrid nanosheets as
the anode [105]. The hybrid nanosheet showed a capacity of 245.89 mAhg~! in the first
cycle and then it was stabilized at 329.63mAhg~! at a current density of 1000mA g~!
during 140 cycles. In addition, TiO,/TiS, hybrid nanosheets showed a good cycling
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performance with capacities of 171.63mAhg~! and 134.05mAhg~! at current densities
of 10and 20A g~ 1.

Silicon also has been studied as an alloy anode for Na batteries. In 2009, the phase
diagram between Na and Si by Morito et al [106] was demonstrated, suggesting that bulk
Si is not a promising anode because it exhibits poor Na diffusion kinetics. In 2015, Xu et al.
experimentally proved reversible electrochemical Na* ion uptake in Si [107]. The anode
shows a reversible capacity of 279 mAhg~! at a current rate of 10mA g~ ! and a capacity
retention of 248 mA h g~ ! after 100 cycles at 20mA g~ 1.

Germanium as an alloy anode presents some challenges in storing Na in its crystalline
structure due to the large ionic size of Na* (1.02 A) compared to Li* (0.76 A) and presents
a high volume expansion (500 %) [108]. The reduction of dimensions has been studied as
an alternative to alloying Ge electrochemically with Na to form Na,Ge phases [109]. For
example, mesoporous germanium phosphide (MGeP,) microspheres were tested [108],
showing a specific capacity of 1268 mA h g~! in the first cycle, and a Coulombic efficiency
of 65.28 %. The loss of capacity in the first cycle is associated with the electrolyte decom-
position on the electrode surface for SEI formation, generating that the anode delivers
a capacity of 704mAh g~ after 100 cycles at a current density of 240mA g~!. Another
alternative studied to improve the anode electrochemical performance was the synthesis of
GeTe nanocomposite modified by amorphous carbon (GeTe/C) [109], which exhibits good
Na storage characteristics of 335mAhg~! at 300mA g~! and 300mAhg~! at 900mA g~

Phosphorus (P) has a high theoretical capacity of 2596 mAhg~!, and it exists in three
allotropic forms: white P, red P, and black P [110]. Due to the low stability and toxicity,
white P is not used as an anode. Red P is more stable than white P, but it has lower
electronic conductivity (~10~* Scm™1), working as an electronic insulator. On the other
hand, black P is the most thermodynamically stable allotropic, and it is a semiconductor
useful for energy storage. Black P is an anisotropic layered material and the bulk electrical
conductivity is ~102Scm ™1 [110]. The challenges in P-based materials are low conductiv-
ity, volume swelling, and unstable SEIL To address these issues, some strategies include
designing nanostructures, using conductive agents (carbon materials), and manufacturing
3D nanostructures of P. For example, to achieve red P anodes, red P nanoparticles were
homogeneously embedded in porous nitrogen-doped carbon nanofibers (P/C) [111]. This
material exhibits a good rate capability of 1308 mAhg~! at a current rate of 200mA g~!,
and 343mAhg~! at 10 Ag~!. Additionally, it is capable of maintaining 81 % after 1000 cy-
cles. A hybrid phosphorene graphene (P/G) composite has been tested as anode through
computational calculations [112]. The calculated specific capacity is 372mAhg~!, and the
average open circuit voltage is 0.53 V. To achieve flexibility, red P was encapsulated in
porous multichannel Carbon nanofibers (Phosphorus/PMCNFs) as flexible anodes for Na
batteries [113]. The material shows a rate capability capacity of 500mAhg=!at10A g™!
and 700mAhg! at2 A g~ after 920 cycles. The authors suggest that the improved Na
storage performance is due to the special core/shell structure of P/PMCNFs.

Zhu et al. studied copper phosphide nanocrystals as anode material for Na-ion
batteries due to their high specific capacity [114]. To improve the performance, the au-
thors reported a 3D nanoarchitecture consisting of a heterostructured assembly of CuzP-C
nanosheets. The thin Carbon shell serves as an electron conductor and accommodates the
volume change of the Cu,P single-crystalline nanosheet. The 3D CuzP—C shows a capacity
retention of 286 mA h g~ ! after 300 cycles at 100mA g~ ! and 156 mA h g~ ! after 1000 cycles
at 1000mA g~!. Furthermore, a vanadium phosphide-phosphorus composite V,P; 5P was
investigated as an anode [115]. This composite delivers a high reversible discharge capacity
of 738 mA h g~!, with an initial Coulombic efficiency of 85.9 % at 363 K. Moreover, a carbon
nanotube-backboned mesoporous carbon (TBMC) material was designed and synthesized
for the impregnation of red P [116]. Multi-walled carbon nanotubes facilitate the electron
transfer, while the mesoporous carbon layers offer voids to load appropriate amounts of
P but leave enough space to alleviate the huge volume change of the P upon sodiation.
The P/TBMC composite shows a capacity of 1000mAhg~tat50mAg~! and 430mAhg™!
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retained at 8 A g~!. In addition, this material is capable of maintaining a capacity over
800 cyclesat2.5A g~ 1.

TMS are promising materials for anodes due to their high theoretical capacity, good
cycling stability, easily controlled structure, and modifiable chemical composition [117].
Common TMS explored as anodes are copper sulfide (CuS), vanadium sulfide (VS, and
VS,), molybdenum sulfide (MoS,), iron sulfide (FeS,), and cobalt sulfide (CoS,). How-
ever, the practical application of TMS is limited by low electronic conductivity and large
volume expansion. A strategy to reduce the negative impact of volume expansion is
to manufacture porous structures. Zhang et al. fabricated single-layered mesoporous
MoS,/carbon composites with fast kinetics and long durability which obtained good Na™
absorption on the surface of the MoS, [118]. As a result, the anode was able to show a
capacity of 570mAhg~! after 150 cycles at 50mA g~ !, and it also reached 385mAhg™!
after 1000 cycles at 1A g1

Anode materials for Na-based batteries are summarized in Table 3. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 3. Anode materials for Na-based batteries.

Anode Material Kg:;geiv) (Cr::gafllg_l) (Cr:llgegn_tl) Cycles "¢
Alloy

Si 279 10 100
Intercalation

Hard carbon [103] ~0.0-3.0 250 1000 1200

crumpled G [119] ~0.0-2.5 125 1000 500

porous G/SbO, [120] ~0.0-3.0 350 50 100

porous multilayered G [121] ~0.0-3.0 392 100 100

G/Coy g55Se nanosheets [122] ~0.0-2.5 180.7 500 100

G nanosheets/Fe,O5 [123] ~0.0-3.0 400 100 200

G/P stacks [124] 0.0-2.0 1706 260 60

G/SnS, stacks [125] ~0.0-2.5 618.9 200 100
G/TiNb,O; [126] ~0.0-3.0 200 200 70

N-doped G sheets [127] ~0.0-3.0 115.5 50 260

N-doped a

G/NaTiy(PO,); [128] ~1.5-3.0 75 20 200

N-rich G [129] ~0.0-3.0 250 50 250
N-/S-doped G sheets [130] ~0.0-3.0 289 100 100

2D TiO, /TiS, [105] 0.1-3.0 329.63 1000 140
Phosphorene

Black P/C [131] ;g[()]_%Z] 958 [132] 2000 500 58.5
CugP—C[114] ~0.0-3.0 378.9 1000 1000 89
P/C-amorphous [133] ~0.0-2.0 1764 250 140 87
P-layered black [134] 0.0-2.0 1500 125 25

P/C composite layers [135] ~0.0-1.5 1500 100 100

P/G hybrid [136] 0.0-1.5 2400 0.02C 100

P-PMCNFs [113] ~0.0-2.0 2260 100 90 70
P-C[111] 1308 200

P-TBMC [116] ~0.0-2.0 1544 8000 800 69.8

V4P;/sP [115] ~0.0-2.0 738 8000 100 85.9
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. Voltage Capacity Current
Anode Material Range (V) (mAhg1) (mA g~ ) Cycles e
T™MS
MoS, nanosheets [137] ~0.0-3.0 386 40 100
MoS,/C nanosheets [138] ~0.0-2.9 280 1C 300
MoS, /G sheets [139] 0.1-2.3 218 25 20
MoSe, nanoplates [140] 0.1-3.0 369 01C 50
WSe, [141] 0.1-2.5 117 01C 30
WSe,/C [142] ~0.0-3.0 270 02C 50
MoS,/G Carbon [118] 0.5-3.2 310 5000 2500

a: C-rate. C: carbon, G: graphene, NF: nanofibers, P: phosphorus PMCNFs: porous multichannel flexible
freestanding, carbon nanofibers.

3.3. Anodes for Potassium-Based Batteries

The anodes discussed for K-based batteries include K metal, carbon materials, organic
materials, alloys, and metal-based compounds.

K metal has a theoretical capacity of (685 mAh g~!), alow potential (—2.92 V vs. SHE),
and it is also abundant in the Earth’s crust [143]. Challenges to developing K as an anode
are (1) dendrite growth that generates safety issues, and (2) severe side reactions that limit
the capacity and cause poor kinetics.

Common carbon materials studied for K-based batteries are graphite, expanded
graphite, graphene, hard carbon, soft carbon, heteroatom-doped carbon, and biomass-
derived carbon [25]. The main challenge for carbon anodes is the large size of K* (2.72 A).
The interaction between K and carbon (KCg) was observed and studied in 1932, demonstrat-
ing a theoretical capacity of 279 mA hg~!. The electrochemical K* insertion in graphite was
reported for the first time in 2015, in a nonaqueous electrolyte [144]. The anode showed
a reversible capacity of 273mAhg~! at 27.9mAg~!, but a low electrochemical perfor-
mance. It only maintains 80mAhg~! at 279 mA g~ and capacity drops from 197mAh g~!
to 100mAhg~! after 50 cycles at 139.5mA g~!. To improve the performance of carbon
anodes, a nongraphitic soft carbon was synthesized, exhibiting a capacity of 273mAhg~!
at 6mA g1, and a high capacity of 210mAhg ! and 185mAhg ! at 279mAg~! and
139mA g~ !, respectively. This soft carbon shows improved cyclability with a capacity
retention of 81.4 % after 50 cycles at 558 mA g~ 1. To enhance the K* diffusion, low-cost and
commercial expanded graphite has been studied due to its good conductivity and enlarged
interlayer spaces [145]. This material exhibits a capacity of 263mAhg~! at 10mA g~!
and maintains a capacity of 174mAhg~! after 500 cycles at 200mA g~!. Hard carbon
microspheres (HCSs) are an alternative to improve the anode performance by dimension
reduction. HCSs show a reversible capacity of 262mAh g~!, and they are capable of deliv-
ering 190mAhg~! ata rate of 558 mA g~ and 136 mA h g~ ! at a rate of 1395 mA g~ [146].

Tetratitanate K,Ti,Oy, a titanium-based material, has been studied as an intercalation
anode material [147]. The material was tested for the first time in 2016, delivering a
discharge capacity of 80mAhg~! at a current density of 100mA g~! and 97mAhg™!
at 30mA g~ 1. Another alternative studied is K,TigO;, which showed a first capacity of
275mAhg ! atacurrent of 20mA g ! and 442 mA hg~! at current density of 500mA g1,
but the capacity dropped to 110.7 mA h g~ after 50 cycles [148].

Alloy materials, such as Sn, Sb, and Bi, are alternative anodes for K batteries since they
have a high theoretical capacity. The main concern of alloys is the large volume expansion
during the reaction due to the larger ionic radius of K* [149]. Some strategies to overcome
this issue are morphology optimization and surface engineering, which allow anodes to
obtain better electrochemical performance.

Organic anode materials have some advantages: (1) the precursor is renewable, which
exactly fits in the requirements of being low cost, (2) the synthesis of organic electrodes is
usually conducted by a low-temperature process, enabling low-energy consumption, (3)
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the organic materials are composed of elements with low atomic weight (C, H, O, N, S, etc.),
giving rise to high theoretical gravimetric capacities, (4) the flexible molecular structure of
organic materials is expected to favorably accommodate large-size K ions without much
spatial hindrance, and (5) the satisfactory electrochemical performance by modifying the
structure and functional groups [25].

On the other hand, transition metal oxides and transition metal sulfides have been
reported as conversion anodes, with high theoretical capacities and redox reversibility. For
example, Co304-Fe,O3 nanoparticles in a super P carbon matrix (Co;04-Fe,O3/C) were
fabricated to improve the conductivity and to reduce the impact of volume change [150].
The anodes deliver a reversible capacity of 220mAhg~! at 50mA g~ 1.

Anode materials for K-based batteries are summarized in Table 4. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 4. Anode materials for K-based batteries.

Anode Material Xg:;ge(V) ((;‘Ka;ltgy_l) (Cn:lgegn_tl) Cycles e
Alloy

Co0304—Fe,O5/C [150] 0.01-3.0 770 1000 50 54
CoS—G [151] 0.01-2.9 434.5 42 64.4
KTiO [147,152] 0.01-3.0 151 500 900 65.4 [148]
KTiy(POy)3/C [153] 1.2-2.8 75.6 54 75
MoS, [154] 0.5-2.0 98 2.86° 74.4
MoS,—RGO [155] 0.01-3.0 679 500 30
Sb,S;—S [156] 0.1-3.0 548 1000 69.7
chSb NP/3D C [157] 0.01-2.0 478 1000 68.2
SnO,—G—C [158] 0-25 519 1000 100 44
SnyP;/C fiber [159] 0.1-2.0 514 2000 200 64
SnP3/C [160] 0.01-2.0 697 1200 50 58
SnS, /RGO [161] 0.01-2.0 355 2000 56
TizC, [162] 0.01-3.0 136 300 27
TisCNT [163] 0.01-3.0 710 28.40

TiSe, [164] 1.0-3.0 92.7 1000 67.1
VSe, [165] 0.01-2.6 366 2000 69.10
Carbon

Graphite [144] 0.01-1.5 273 200 [166]  200([167]  87[168]
expanded Graphite [145]  0.01-3.0 267 200 500 81
hard Carbon [169] 0.01-1.5[146] 300 1395 100 87
soft Carbon [144] 273 50 50
Organic

K,PC [170] 0.1-2.0 245 24 44
K,TP [171] 0.1-2.0 305.8 1000 76.1

a: C-rate. C: carbon, CNT: carbon nanotubes, G: graphene, K,PC: potassium 2,5-pyridinedicarboxylate,
K,TP:dipotassium terephthalate, P: phosphorous, RGO: reduce graphene oxide

3.4. Anodes for Zinc-Based Batteries

The anode discussed for Zn batteries is Zn metal. Zn metal has been thought of as an
ideal anode material used in both non-rechargeable and rechargeable Zn-based cells. This
material has many attractive properties, such as high capacity (820 mA h g 1), nontoxicity,
relatively low redox potential (—0.76 V vs. SHE), high safety, and low cost [172]. The Zn
anodes explored in recent years focus on modifying the basic concepts, and these anodes
can be organized into foil-, paste-, slurry-, and structure types [173].

The main concerns of Zn anodes are passivation, irreversibility, corrosion, and the
growth of dendrites during the plating/stripping process [172]. Passivation reduces the
surface contact between the electrolyte and Zn anode, generating low conductivity. The
dendrite growth increases the surface area of the Zn anode, corrosion, and other surface-
dependent reactions, causing low Coulombic efficiency, poor capacity, and limited cycle
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life. Proposed solutions to overcome these concerns include designing a nanostructure Zn
metal anode, adding additives in the electrolyte, or changing Zn salt concentrations in the
electrolyte. Electrolytes for Zn-based batteries are studied in Section 5.4. In this section, we
focus on novel anodes for Zn batteries.

The nanostructured Zn anode is proposed as an alternative to overcome passivation
and dissolution issues [174]. This anode was fabricated with ZnO nanoparticles wrapped
with graphene oxide nanosheets, and the test after 150 cycles showed a retention capacity
of 86 %. An ion-sieving Carbon nanoshell coated ZnO nanoparticle anode was also studied
as an anode material to address the same problems [175]. Results showed that cyclability
improves in comparison with Zn foil. Zn sponge anodes for higher stability were explored
by Stock et al. [176]. These sponge anodes were approached from two factors: (1) using
an energy-saving and low-temperature preparation method; and (2) stabilizing the pore
system with a lightweight anion-exchange ionomer.

Anode materials for Zn-based batteries are summarized in Table 5. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 5. Anode materials for Zn-based batteries.

Anode Material Kg:;geiv) (Cr::gafllg_l) (Cn:l:‘egn_tl) Cycles "¢
Carbon-coated ZnO [175] 1.5-2.0 155.5 1 42 48.8
hyper dendritic Zn [177] 232.6 0.2 100 77
Zn sponge [176] 0.9-22 164 0.03 36

Zn on Cu foam [178] 690 254 9000 31
Zn foil with IL

membrane [179] 0.8-2.3 107
ZnO—Ag—polypyrrole [180]  1.2-1.9 437 1 300 87.5
Zn foil [181] 0.4 0.06 147 100
ZnO [182] 269.8 0.5 1000 100
ZnO/C [183] 1.2-2.0 266.7 0.17 400

ZnO with ionomer layer [184] 1.0-1.9 124.5 0.78 67 75
ZnO in Carbon matrix [174] 1.4-2.0 241.9 496 150 82.2
Zn sponge advanced [185] 1.4-19 310 3.1 141 96.6

3.5. Anodes for Calcium-Based Batteries

The anodes discussed for Ca-based batteries include metal Ca, carbon-based, alloys,
and organic materials.

Calcium possesses multivalent charge carrier ions (Ca*?), a low potential (—2.87 V
vs. SHE), and a high capacity (1337mAhg~!). To achieve successful Ca anodes, it is
necessary to produce a reversible plating and stripping of Ca [186]. The development of
Ca anodes started in the 1960s, using Ca anodes in batteries that work at high temper-
ature levels (>723.15K). The main challenge reported for Ca anodes was the failure of
Ca electrodeposition due to the passivation layer formed in the anode by the electrolyte
decomposition. Some attempts to study Ca anodes focused on non-rechargeable cells until
2016, when the feasibility of Ca electrodeposition was demonstrated, enabling operation at
a lower temperature between >323.15K and 373.15K [50]. According to Ponrouch et al.,
the Ca electrodeposition is possible if the following four requisites are satisfied: (1) migra-
tion of solvated Ca®* ion inside the electrolyte; (2) low desolvation energy barrier at the
electrolyte/passivation layer interface; (3) migration of the desolvated Ca** ions through
the passivation layer; and (4) low energy barrier for nucleation and low growth of Ca at
the electrode substrate interface. Achieving reversible Ca anodes requires more efficient
electrolytes (Section 5).

Carbon-based anodes have been explored to overcome the difficulties caused by Ca
plating and stripping. The use of carbon anodes requires Ca intercalation, which is a
challenge due to the large ionic radius (1 A) that hinders smooth intercalation into the
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host lattice. To achieve successful intercalation at room temperature, Wu et al. employed
an isotropic graphitic layered structure called mesocarbon microbead (MCMB) as an an-
ode [187], showing a reversible discharge capacity of 66 mAhg~! at a current rate of 2C
and 62mAhg~! at 1 C after 300 cycles with 94 % retention.

Alloy anodes focus on using Si and Sn. The electrochemical decalciation of CaSi, was
tested with experimental and computational analysis, showing a capacity of 240mAhg~!
at moderate temperatures (373.15K) [188], an average voltage of 0.37V, and a volume ex-
pansion of 306 %. On the other hand, the alloying/de-alloying process of Sn anode (Ca;Sny)
exhibited a high capacity of 526 mA hg~! with a volume expansion of 136.8 % [189]. The
Sn was proved in a full cell, exhibiting a discharge capacity of 50mAh g~! in the first cycle
that increases to 85mAhg~! at the 200th cycle and then is reduced to 80mAhg™! after
350 cycles. The main challenges of alloy materials are large voltage hysteresis, high volume
expansion, and low Coulombic efficiency.

Organic anodes explored include polyaniline (PANI) and polyimide poly (PNDIE).
PANI has been explored as an anode because it has a lower specific weight than inorganic
materials. For example, PANI was deposited over carbon cloth by in situ polymerization,
showing a discharge capacity of 123mAhg~! at a current of 150 mA g~! with a Coulombic
efficiency of 99.7 % and a retention of 84 % after 200 cycles [190]. On the other hand, PNDIE
has reported a specific capacity of ~160mAh g~! at —0.45V [191] with a capacity retention
of 80 %, 105mAhg~! after 4000 cycles at 925mA g~ ! and a Coulombic efficiency >99 %.
Alternative organic anode materials investigated include PTCDA.

Anode materials for Ca-based batteries are summarized in Table 6. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 6. Anode materials for Ca-based batteries.

Anode Material Kg:;?;V) (Clizzalclltgy_l) (Cl?:ll;r;n_tl) Cycles e
Alloy

Ca [50] 30 85
Ca-5i [188] 0.37 240 1

Ca-5n [192] 0.8 526 350[189] 80
Carbon

Graphene [193] 225

MCMB [187] 4.6 62 1@ 300 82
Organic

PANI [190] 04 114 150 200 99
PNDIE [191] —0.45 160 915 4000 99
PTCDA [194] 80

2: C-rate. CC: carbon cloth, MCMB: mesocarbon microbead, PANI: polyaniline, PNDIE: polyimide, polynaph-
thalenetetracarboxiimide, PTCDA: perylenetetracarboxylic dianhydride.

3.6. Anodes for Magnesium-Based Batteries

The anodes discussed for Mg batteries include pure Mg metal, intercalation (carbon-
based), alloys (In, Sn, Sb, Pb and Bi), and conversion (transition metal oxides (TMO),
transition metal sulfides (TMS), phosphides, and nitrides) materials.

Mg metal has been studied as an anode since it possesses multivalent charge carrier
ions (Mg*?), a low potential (—2.37V vs. SHE), a high capacity (2205mAhg~1), and it
does not form dendrite. The application of Mg metal as the anode in commercial batteries
is restricted due to the electrochemically inactive layer that is generated on the anode
surface. This layer is an electronic and ionic insulating surface film that obstructs any
electrochemical reaction, affecting the battery efficiency. It is recommended to prevent the
formation of the passive surface film to achieve practical Mg anodes [195].

Lithium titanate Li;TisO;, (LTO) has been explored as an intercalation anode for Mg
batteries since it exhibits low volume changes during Mg ion intercalation-deintercalation.
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LTO showed a specific capacity of 175mAhg™! at current density of 15mAg~! and
55mAhg ! at300mA g, and a high cycling stability with 100 % Coulombic efficiency
and capacity retention of 99.9 % after 500 cycles [196].

Alloy materials which are reversibly electrochemical with Mg include some p-block
elements, such as In, Sn, Sb, Pb and Bi, which form Mgln, Mg,5n, Mg3Sb,, Mg,Pb and
MgsBi, at low voltage [197]. Early studies on alloys have focused on Bi because it has a
theoretical gravimetric capacity of 385 mA h g~! with Mg and a rhombohedral crystalline
structure. In 2012, the electrodeposition of Bi as anode showed a maximum specific ca-
pacity of 257mAhg~! and of 222mAh g~ ! after 100 cycles [198]. In addition, superionic
conductivity was described but only in phases >976.15K. Larger capacities are achieved
by replacing the Bi layers with nanotubes. A specific capacity of 350mAhg~! and a
Coulombic efficiency initial of 95 % was reported for Bi nanotubes [199]. Although the
electrochemical behavior exhibited with this nanostructure is remarkable, it is difficult
to achieve commercial systems due to its exotic nature and manufacturing costs. Other
composites tested as anodes include Bi;_,Sb, and Sb [198]. A maximum specific capac-
ity of 298 mA hg~! was exhibited in the first cycle and 215mAhg~! after 100 cycles by
Bi sSby 12, while Sn showed a poor cycling performance after 16 cycles, ~16mAhg~!.
Tin (Sn) as an alloy anode has been tested because it is more abundant than Bi and tin has
a high theoretical capacity over 890mAhg~! [200]. The use of Sn faces a big challenge
since experimental tests show non reversible reactions in the Sn anode. SnSb alloys have
been explored as an alternative to overcoming the challenges that Sn and Sb have individ-
ually. The theoretical capacity of SnSb is 768 mA hg~! and experimental results show a
high reversible capacity of 20mAh g~! and cyclic stability, delivering 350 mAhg~! after
100 cycles [200].

Anode materials for Mg-based batteries are summarized in Table 7. We include the
highest reported voltage range, capacity, current density, number of cycles, and Coulom-
bic efficiency.

Table 7. Anode materials for Mg-based batteries.

Voltage Capacity Current

Anode Material Range (V) (mAhg1) (mA g~ ) Cycles e
Mg,Bi, [198] 0.23 257 385 100 86
Mg3Bi, NT [199] 350 19 200 95
Big ggSbg 12 [198] 298 12 100 75
In [201] 0.09 425 0.01%

LTO [196] 175 15 500

Sb [198] 16 12 50

SnSb [200] 420 50 200

2: C-rate. LTO: LiyTisOq,, NT: nanotubes.

3.7. Anodes for Aluminum-Based Batteries

Metal Al is a promising anode since it has multivalent charge carrier ions (Al"), high
capacity (2980 mA h g~ 1), a relatively low potential (—1.66 V vs. SHE), low cost, and it is the
most abundant metal on the Earth’s crust [202]. The main challenge of using Al as an anode
is the highly stable passivation layer, causing an electrochemical inertness [7,47,203]. Al
anodes are usually foils, which work as both active material and current collector. However,
this limits the active area. Three-dimensional thin film has been studied to increase the
active surface area [54]. The 3D thin-film fabricated exhibited a capacity of 165mAhg~!
and a retention of 86 % after 500 cycles. To address passivation layer problems, researchers
have focused on testing different electrolytes chemistries (Section 5).

Figure 7 compares the current research in anode materials for each battery type,
presenting the theoretical capacity, experimental capacity, current density, and the number
of cycles for each material. Figure 8 shows the progress per year of the specific capacity in
anode materials in the research field, highlighting the most relevant studied materials per
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year. The line color represents the battery type. For Li- and Na-based batteries, two curves
are presented. The continuous lines represent traditional anode materials, which operate
through an intercalation mechanism. Dot lines represent conversion materials studied in
the next generation of batteries.

Type
1.Li 2.Na 3.K 4.Zn 5.Ca 6. Mg 7.Al
372 [ 2000 [1000] [279] 56 [02] [3818] 385 [ 385 | [2979] 1000
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Figure 7. Current research in anode materials. Columns organize the seven battery types. Rows

represent the composite material group. Theoretical capacity, experimental capacity, current density,
and the number of cycles are also included. A special symbol highlights flexible anode materials.
Graph constructed by the authors from references in Tables 2-7.
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Figure 8. The advance of the anodes’ experimental specific capacity, comparing the seven battery
types: Li, Na, K, Zn, Ca, Mg, and Al. Continuous line: traditional intercalation materials. Dot
lines conversion materials. Graph constructed by the authors from references in Tables 2-7. NW,
nanowires; NR, nanorods; NB, nanobelts.

4. Cathodes

The cathode is the positive electrode of a battery that is reduced (gain of electrons)
during the discharge process [46]. Similar to the anode, the cathode plays different roles
according to the work ion, establishing the operation of rechargeable and non-rechargeable
batteries. Generally, cathodes have a lower capacity than anodes, limiting the battery
performance [9]. Therefore, there is an interest in improving the capacity of cathodes
by optimizing the chemical, electrochemical, and physical properties of materials [204].
An ideal cathode should have high performance, high potential, low cost, and low envi-
ronmental impact [204]. A high cathode performance implies that the cathode offers a
large reversible storage capacity at the desired electrochemical potential. A cathode with
high potential allows the development of high energy density batteries [9]. Although the
materials’ intrinsic nature determines the electrochemical properties of electrodes, it is
possible to vary their microstructures with different synthesis methods and conditions. For
example, dopants can be introduced to modify the crystal parameters to improve cyclic
stability and specific capacity. The storage of ions in cathodes occurs via two mechanisms:
intercalation and conversion.

In the intercalation, the electrode material must contain space to store and release work-
ing ions reversibly [204]. Intercalation cathode materials can be classified into three kinds
according to their chemical composition: (1) transition metal compounds, (2) polyanionic
compounds, and (3) Prussian Blue [9].

¢  Transition metal compounds, oxides, or complex oxides have olivine (1D), layered
(2D), or spinel (3D) crystal structures [8,204]. Olivine crystal structures have 1D
tunnels to allow ions to flow, causing lower rate capability. Reducing the size of
the active material is a strategy to address this issue. Layered oxides have a general
formula A,BO,, where A represents the ion carrier such as Li, Na, K, Zn, Ca, Al, and
Mg, and B represents one or more metal ions such as Ni, Co, Fe, Mn, and Cu. Spinel
oxides have a general formula AB,O,, where A represents the ion carrier such as Li,
Na, K, Zn, Ca, Al, and Mg, and B can be Ti, V, and Mn [9,205]. The layered and spinel
oxides offer good electronic conductivity and high densities.
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*  Polyanionic compounds have a general formula A,BB'(XO,);, where A represents one
ion carrier, Li, Na, K, Zn, Ca, Al, or Mg; B could be V, Ti, Fe, Tr, Al, or Nb; and X is P or
S. Polyanionic compounds offer higher thermal stability and safety than the layered
and spinel oxide cathodes due to the covalent bond between the oxygen and the P, S,
or Si. Moreover, polyanionic cathodes include abundant transition metals, such as
Fe, which contributed to their applications in storage devices for renewable energy
sources. The use of polyanionic compounds requires synthesized small particles with
coated conductive carbon due to the poor electronic conductivity, increasing the cost,
reducing the volumetric energy density, and leading to low performance [9].

*  Prussian blue analogues (PBA) have a general formula A, B;B,(CNg). A is usually Li,
Na, K, Zn, Ca, Mg, or Al, while B; and B, can be Fe, Mn, Ni, Co, or Cu. The use of
PBA as an electrode is due to two structural characteristics: (1) large 3D diffusion
channels that facilitate its inward and outward transport by the weak interaction
with the diffusing ion, and (2) control of the [BZ(CN)E,]J1 vacancies that improve the
crystallinity by changing the stoichiometry and the preparation conditions. Moreover,
PBA has a high theoretical specific capacity, a simple synthesis, and a low cost [206].

Opposite to intercalation, in conversion, the material does not have active intercalation
sites, but the material reacts electrochemically during discharge, breaking chemical bonds
and creating new ones [8]. For this reason, the bulk material may react electrochemically
during discharge. Conversion mechanism occurs in metal-air and metal-S technologies.
During metal-S battery operation, S is reduced electrochemically to produce metal sulfide.
The reaction is expressed as S + 2nM™T + 2ne™ — nM,S, where M is Li, Na, K, Zn, Mg,
Ca,or Al,and 1 < n < 8 [39]. In theory, sulfur can be combined with any metal anode
to form metal sulfide. Although S has a low electrochemical potential (0.4 V), it exhibits
extremely high theoretical specific capacity (1675 mAhg~1!). The main limitation of using
S is the volumetric changes due to the density changes during cycling. In addition, the
use of conversion materials is limited by their irreversibility. Some strategies to improve
the reversibility are the development of small particle sizes (<20 nm in diameter), and the
combination with alloying materials [7,204].

Metal-air batteries follow the reaction O; + 4e~ — 2H,0 + 40OH™ with aqueous
electrolytes and xM™ + Oy + xe~ — M,O, (x = 1 or 2) with aprotic electrolytes [207].
These technologies offer high theoretical energy densities. However, rechargeable metal-air
batteries suffer slow kinetics and overpotential, which limit their practical application.

The selection criteria to choose cathode materials include the abundance in the Earth’s
crust, eco-friendly nature for processing, usage and recycling, and cost. Figure 9 presents
the increasing interest in the research about “positive electrodes”. In this section, we present
the cathode materials commercialized and researched for each battery type, describing
their main properties and showing the strategies explored to address the challenges.
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Figure 9. Publications per year about positive electrodes, comparing seven battery types: Li, Na, K,
Zn, Ca, Mg, and Al. Graph constructed by the authors. Data from Web of Science.
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4.1. Cathodes for Lithium-Based Batteries

The cathodes discussed for Li batteries include layer (lithium cobalt oxide LCO (Li-
Co0,), lithium nickel cobalt aluminum oxide NCA (LiNiCoAlQO,), and lithium nickel cobalt
manganese oxide NMC (LiNiMnCo0,), spinel ( lithium manganese oxide LMO (LiMn,O,),
and lithium nickel manganese spinel LNMO (LiNiMnQy), olivine (LFP—Iithium iron
phosphate (LiFePO,), and S, and O,. The introduction of cathodes for batteries is not
straightforward. For example, LCO began to be successfully used in commercial batteries
in 1991, 11 years after its discovery [9].

LCO is a layered material that has a theoretical capacity of 273mAhg~!. LCO has
a thombohedral structure and can achieve open-circuit voltages of 4V to 5V and stable
operating voltages at 3.7 V. The main issues of LCO are a short life span, low thermal
stability, and limited load capabilities [9]. Therefore, in practical application, LCO only
achieves ~140mAhg~!. To develop a high voltage and high energy density cathode,
multi-functional material coatings have been studied [208]. Xing has demonstrated that
cover LCO electrode with metal fluoride, metal phosphate, Li metal oxide and Li metal
phosphate, increase the specific capacity to 220mAhg~!, and the voltage cycle stability
(3V—4.6 V). The use of LCO as a cathode requires that it be charged and discharged at
a current equal to its C-rating. Forcing a fast charge or applying a load higher than 1 C
causes overheating and undue stress. Finally, LCO cathodes raise some concerns about
their toxicity, high price, and limited production. For example, Co represents up to 60% of
the materials cost for battery manufacturers and, to be profitable, these industries require
a continual supply of economic Co. To enhance longevity, loading capabilities, and cost,
new materials such as nickel, manganese, and aluminum, have been integrated into LCO
cathodes. In addition, to improve the rate capability, researchers focus on the control of
particle morphology, while to achieve high capacity, they focus on increased charge voltage.

NMC has a specific capacity and operating voltage similar to LCO, as well as a
lower cost since the Co content is lowered [9]. Different Li:M ratios have been studied to
determine the optimal value to produce this material to favor physical and electrochemical
properties. NMC-111, NMC-442, and NMC-532 are currently the state of the art of these
cathode materials. To achieve higher specific energy and lower costs, Ni-rich NMC cathode
materials, such as NMC-811 and NMC-622, will be developed in the coming years.

LiFePO, (LFP) was identified as a polyanionic compound in 1987, but it was suggested
as a potential cathode for rechargeable lithium batteries by JB Goodenough et al. in 1997 [9].
LFP has good electrochemical performance with low resistance, high current rating, long
cycle life, good thermal stability, enhanced safety, and tolerance if abused. Therefore, it
seems to be an alternative to replace the LCO cathode. Although LFP is more tolerant to
full charge conditions when kept at high voltage for a long time, it shows a low electronic
conductivity (~10~? Scm~!) and low theoretical capacity (170mA h g~!). These values are
related to its olivine structure, which has a one-dimensional diffusion channel and limits the
diffusion of ions. Strategies to increase the capacity include morphology and particle size
control, doping, surface coating, and the addition of prelithiation additives [209]. Wang
et al. proposed a new morphology joining porous LFP microspheres with carbon and
CNTs [210]. As a result, the cathode material showed a discharge capacity of 115mAhg™!
at 1700 mA g~ !, maintaining 113 mA h g~! after 1000 cycles. The reduction in dimensions,
using nanoscale materials, is another option explored to improve the electronic and ionic
transport lengths [3].

LiMn,0O,4 (LMO) was first reported by M. Thackeray et al. in 1983, and it was commer-
cialized as a cathode material by Moli Energy. LMO has a spinel structure consisting of a
three-dimensional structure (usually composed of diamond shapes connected into a lattice)
that improves ion flow on the electrode generating lower internal resistance and a more
stable structure than LCO. In addition, LMO possesses a competitive cost advantage with
the lowest price ($10kg~!), non-toxicity, three-dimensional Li* diffusion pathways, high
thermal stability, and enhanced safety. Some disadvantages of using LMO are a limited
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cycle life, low capacity (theoretical capacity: 148 mAhg™!), and poor high-temperature
performance due to its instability in the electrolyte and capacity loss [3].

NCA has been proposed since 1999 for specific applications, showing high specific
energy, good specific power, and a long life span. NCA is a compound that integrates Co
and Al in a LiNiO,. The integration of Al helps to minimize negative phase transitions,
improve the thermal stability of LiNiO,, and keeps the crystal structure stable. On the
other hand, Co helps to reduce cation mixing and also stabilize the layered structure. In
addition, Co is electrochemically active, improving the performance of NCA with higher
specific capacity (200 mA h g~1), high energy density (200 W hkg~!), and long cycle life [3].
To increase NCA cathode performance, some researchers have explored the use of CNTs to
modify NCA surfaces. For example, LiNij gCog 15Al5 95O,/ CNT (NCA /CNT) composite
has been studied, exhibiting a reversible capacity of 181 mA h g~! with a discharge retention
of 96% after 60 cycles at a current of 50 mA g~ !. The result suggests that NCA /CNT material
enhances the capacity of pristine NCA by 18%, and at a high current rate of 1000 mA g1, it
can deliver a reversible capacity of 160mAhg~! [211].

To address the Co concern as a critical material, novel research focuses on a new class
of cobalt-free materials. Muralidharan et al. have developed a material called lithium iron
aluminum nickelate with the formula LiNi,Fe,Al,O, (x +y + z = 1). The results showed

a good performance with a specific capacity of 200mAh g, and 80% capacity retention
after 100 cycles at a rate capability of C/3 [212]. The cobalt-free material was synthesized
through the sol-gel method that allows varying aluminum and iron composition amounts.
Li-rich manganese-based cathode materials have also been explored, such as the cobalt-free
material Li; ,Nij ,Mn, (O,. However, their practical application is limited by a low Coulom-
bic efficiency during the first cycle, a low rate capability, and a pronounced capacity and
voltage fading during cycling. The influence of synthesis conditions have been studied as a
critical factor in the characteristics and electrochemical performance of electrode materi-
als [213]. Zhao et al. showed that the increase in calcination temperature (1073.15 K) could
improve the layered structure of Li[Li; /sFe;/19Niz/20Mny1/99]O,, delivering a discharge
capacity of 251.9mAhg~!.

The next generation of batteries focuses on a conversion mechanism with higher
specific capacities than intercalation materials. For example, sulfur has a theoretical capacity
of 1675 1rnAhg_1 [214]. The use of sulfur requires addressing some challenges: (1) the
polysulfides formed during the discharge and the low electrical conductivity, causing high
internal resistance of the batteries and limiting the active material utilization efficiency
and rate capability; (2) the migration of polysulfides onto the Li anode by a shuttle effect,
generating an electrochemically inactive layer that reduces the battery efficiency; (3) the
volume change of sulfur during the cycling process, resulting in a volumetric increase in
~79 % after discharge. This significant volume change makes Li,S lose its electrical contact
with the conductive substrate or the current collector, causing a fast capacity fading and
fast degradation of the cell due to mechanical stress. [7,31,215-217]. The strategies to
overcome these challenges include using coatings (polymeric species, ceramic membranes,
and carbon materials), and encapsulating S into porous carbon matrices [218].

A 3D interconnected porous carbon nanosheets/CNT (PC/CNT) has been explored
as the host for sulfur loading [219]. The S-PC/CNT composite showed a high specific
capacity of 1485.4mAhg~! ata current of 836 mA g~!,and 1138mAh g~ ! at 3344 mA g~ !
with 40% of retention after 400 cycles. In addition, this material was tested at high current,
delivering a capacity of 749 mAhg~! at 6688 mA g~ 1.

Other research has studied a hierarchical pore-structured CNT particle host containing
spherical macropores to overcome the issues of uniformly impregnating highly active
S [220]. This spherical macropore structure (SM-CNTPs) improves the penetration of S
into the carbon host in S melt diffusion. The S-SM-CNTP cathode delivers a high specific
capacity of 1343mAhg~! ata current of 334mA g !, and 1138mAhg ! at 3344mA g~
In addition, in the latter, capacity retention of 70% was observed after 100 cycles.
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To address the flexibility requirements of emerging applications, a carbon nanotube
foam (CNTF) has been suggested as a flexible cathode [221]. This cathode is free standing,
mechanically flexible, and binder-free 3D interconnected. CNTF has an initial specific
capacity of 1378 mA h g~ ! ata current rate of 334 mA g~ ! and shows retention of 53.1% after
1000 cycles. At 1672mA g1, the cathode delivers a capacity of 1004 mA h g~!. Additionally,
Amin et al. explored a flexible organic S-based cathode. Sulfur-linked carbonyl-based poly
((2.5-dihydroxyl-1.4-benzoquinonyl sulfide) (PDHBQS) was synthesized and embedded in
single-wall carbon nanotubes (SWCNTs) [222]. The PDHBQS-SWCNTs cathode showed
a specific capacity of 182mAhg~! at a current rate of 50mA g~! and of 75mAhg~! ata
current rate of 5000 mA g~ . It was tested in a potential window of 1.5V to 3.5V, showing
retention of 89 % with 250 mA h g~ after 500 cycles.

Another alternative studied to improve the performance of S cathodes is the use of
conductive ZrB, nanoflakes with only 2 wt % conductive Carbon [223]. B has a metallic
nature, a suitably high tap density (4.2 g cm~2), robust chemical adsorption on LiPS, and
the exposed B sites of the crystal facet (001) in the ZrB, skeleton kinetically facilitates the
fragmentation of high-order LiPS into shorter chains. Also, ZrB, nanoflakes exhibit a lower
barrier for redox reactions from solid Li,S to S since the intense binding strength on exposed
Zr sites alters the reaction pathway of delithiation for Li,S. As a result, the ZrB,—S electrode
shows a specific discharge capacity of 1243mAhg~! at a current of 0.2 C, and it can deliver
356mAhg~! at5 C. Moreover, the electrode retains a discharge capacity of 831 mAhg~!
after 250 cycles at 0.5 C and a capacity of 586 mA h g~ after 600 cycles.

Li—air and Li—O, are alternative technologies, which have the highest energy density
(3500 W h kg ') among battery technologies. The challenges of O, electrochemistry have
been addressed by developing different catalysts, porous electrode materials, and stable
electrolyte solutions [33,224].

The next stage of batteries demands replacing pure O, gas with air from Earth’s
atmosphere. These Li-air batteries require the selective filtration of O, gas from air and
avoiding undesired reactions with other air components, such as N,, water vapor (H,0),
and carbon dioxide (CO,) [34]. For example, the Li anode reacts with N, gas to produce
lithium nitride (Li3N). In addition, the water vapor from moist air forms LiOH and CO,
impurities from Li,COj3. The accumulation of these materials reduces cyclability, and it
causes high overpotential. Therefore, the development of Li-air batteries requires an O,
selective membrane with a high O, permeability but also rejects other gas molecules [34].

Cathode materials for Li-based batteries are summarized in Table 8. We include the
highest reported voltage range, capacity, current density, number of cycles, and retention.

Table 8. Cathode materials for Li-based batteries.

Cathode Material Kg:;ge(V) ((:n?galcllit;}il) (Cr:llgeglltl) Cycles (IEZ; ention
LiCoO, [208] 3-4.6 220 C/4% 100
LiFePO,/C/V,05 [225] 3.4 140 750 30 100
LiFePO,/CNTs [210] 115 1700 1000 98
LiFePO,/G [226] 123 1700 1000 89
CNT/LiNij sMn; 504 [227] 140 70 100 96
LiMn204 80

CNT/LiNij gCoq 15Al5,050; [211] 189 50 60 96
L1C01/3N11 /3Mn1/302 [228] 46 158 30 99
LiNiXFeyAIZOz [212] 3-4.5 200 1* 100 80
V,05/CNTs [229] 298 150 200 71
PDHBQS-SWCNTs [222] 1.5-35 182 5000 500 89
Sulfur

S coating on
hydroxylated CNTs [230] 1274 100 57
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Table 8. Cont.
. Voltage Capacity Current Retention

Cathode Material Range (V) (mAhg-!) (mAg-)) Cycles %)

S encapsulated in spherical

CNTs particles [220] 1.5-2.8 1343 3344 100 70

S encapsulated in CNTs [219] 1.5-3 1485 3344 400 60

S embedded in CNT foam [221] 1379 1672 200 76

S wrapped on CNT array [231] 1092 50 64

S wrapped on CNTs [232] 1065 300 77
ZrB,—S [223] 1243 5% 600 89

*: C-rate, CNT: carbon nanotubes, G: graphene, PDHBQS: poly-dihydroxyl-benzoquinonyl sulfide, SWCNTs:
single-wall carbon nanotubes, S: sulfur.

4.2. Cathodes for Sodium-Based Batteries

The cathodes discussed for sodium batteries include layered transition metals, oxides,
sulfides or fluorides, spinel structure, polyanionic compounds, Prussian blue analogues,
polymers, organics [100,233], sulfur, and oxygen.

In the 1980s, layer transition metal oxides were studied by Delmas and Hagenmuller.
These sodiated transition metal oxides (Na;_,MO,, M: transition metal) were classified into
two groups depending on both the alkali metal position and the number of alkali metal
layers in the structure perpendicular to the layering. The first group is the P2 type, where
P represents a prismatic structure, and the second group is the O3 type, where O is an
octahedral environment. Common transition metals used are Fe and Co.

Fe-based materials, such as Na;_,FeO, and derivatives, have advantages such as non-
toxicity and low cost due to the abundance of Fe. The use of these materials is limited
by a low capacity and an irreversible structural change. Martinez De Ilarduya et al, have
demonstrated that add Mn increase the capacity. They studied Na, ,3[Fe; ,,Mn; /,]0,, which
delivered a specific capacity of 190mAhg~! and an average voltage of 2.75V. However,
it had a poor cycling stability [234]. Ni was also explored to improve the performance of
layered cathodes. Na[Ni, /3Fe; ;3Mn; /3]0, showed a specific capacity of 123mAhg~! and
80% of retention capacity after 100 cycles.

Co-based materials have also been studied in layered cathodes. For example, NaCoO,
is a layered material that has excellent reversibility with a capacity of 125mAhg~! and a
retention of 86% after 300 cycles. The main concern of the integration of cobalt in cathode
materials is the increase in their cost and Co toxicity.

Ni-based materials are another alternative to cathodes. Na[Nij5Mn, 5]O, has been
proposed, showing a specific capacity of 141mAhg~!, and a retention of 90% after 100 cy-
cles [235]. Moreover, the authors demonstrate that using conductive CNTs, the apparent
diffusion coefficient of Na ions in the layered composite electrode can be increased, with
better rate capability of 80mAhg ! ata current of 480mA g~!.

In P2-type Na layered oxides, the Na* kinetics and cycling stability at high rates
depend on superstructures (single-phase domains characterized by different Na+/vacancy-
ordered) generated by the Na concentration and the voltage range used to test the cathode,
which causes low performance. To address the low performance that these materials exhibit,
P2-Naj, /3Ni; ;3Mn; /3Tiq 30, (NaNMT) has been studied. (NaNMT) shows that structure
modulation to construct a completely disordered arrangement of Na-vacancy within Na
layers can be better than ordered structures [236]. Disordered P2-NaNMT maintains a 83.9%
capacity retention after 500 cycles at 1 C, and delivers a reversible capacity of 88 mAhg~!
with an average voltage of 3.5 V.

Mn-based compounds have also been researched in sodium batteries due to the
low cost of Mn. These materials have been studied since 1970. Na,MnO, (x = 0.44-1)
has a three-dimensional structure at lower x values (x = 0-0.44) and two-dimensional
structure at higher x values (x > 0.5) [237]. However, the stability of a—NaMnO, and
B—NaMnO, dependent on temperature, the former is stable at low temperature and the
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latter is stable at high temperature. The electrochemical analysis shows a charge capacity
of 208mAhg~! (x—~NaMnO,) and 191mAhg~! (3—NaMnO,) at a current of 10mA g~ !,
but low Coulombic efficiencies of 84 and 70%, respectively.

On the other hand, transition metal polyanion compounds (Na,MM’(XOy)3, X = P, S)
have displayed significant thermal stability and a high voltage due to strongly covalent
bonds. Commonly, polyanion materials with P are combined with V, Co, Ni, Fe, and Mn.
For example, NazV,(PO,); is the most common with a voltage of 3.4V and a capacity of
107mAhg~!. To increase the voltage of Na;V,(PO,);, Na-V fluorophosphate family has
been studied, exploring several stoichiometries such as NaVPO4F and Na3V,0,,(POg4),F; o,
Furthermore, Co-based materials have been investigated in polyanionic compounds. For
instance, NaCoPO, has an olivine structure with a calculated voltage of 4.19 V, but this
material needs to be tested experimentally. Ni-based materials also have a theoretical volt-
age over 4.5 V, but it is necessary for experimental results. Other polyanionic compounds
for Sodium-based batteries are NaFePO,, Na[FejsMn,5]PO,. Among the polyanionic
compounds using sulfates have also been explored, such as Na,Fe,(50,);, demonstrating a
voltage of 3.8 V. The main challenge of polyanion compounds is that they exhibit lower
electrical conductivity than Oxides, low gravimetric capacity because of heavy polyanion
groups, and low volumetric energy densities.

Another alternative studied for cathodes is the use of mixed polyanionic compounds.
Na,Fe(C,0,)50,- H,O was explored in both experimental and simulation methods [238].
This cathode showed average voltages of 3.5V and 3.1V and a capacity of 75mAhg~! at
44 mA g~ ! after 500 cycles with 99 % of Coulombic efficiency. The low cost and environmen-
tal friendliness of this material suggest it is a promising material in practical applications.

Prussian blue and Prussian blue analogues are organic materials with the chemi-
cal formula Fe/"[Fe!'(CN)];. They have been studied as cathodes for Na batteries since
they have a 3D open framework and it is possible adjust their structure and chemical
composition [239]. However, the structure defects, crystal water and interface insta-
bility restrict the achievement of high capacity, high rate capability and long cyclabil-
ity. To reduce the mechanical degradation and improve the electrochemical cyclability,
Hu et al. have proposed a concentration—gradient composition method [240]. The pur-
pose was to gradually increase Ni while Mn decreases from the interior of the particle
surface in Na,NiyMn;_ Fe"(CN)¢-nHyO. Although the results showed that the capacity

decreased with the increasing Ni:Mn ratio (from 120mAhg~! when x = 0 to 110, 98, and
82mAhg !when x = 0.1, 0.3, and 0.5, respectively at 0.2 C), the cycling performance im-
proved. The capacity retention for g—(Nijy 1Mny g)HCF was ~95 % after 100 cycles, while
for MnHCF was 52.5 %. The material is able to deliver ~80 mA hg~! at 5 C with a retention
of 93 % after 1000 cycles.

To improve the volumetric performance of a cathode material, a recent strategy fo-
cused on the fabrication process was explored. Compact highly dense metal oxide quantum
dots-anchored nitrogen-rich reduced graphene oxide (HD—TiO; N—RGO) hybrid mono-
liths were designed through a large number of ultrasmall TiO,—QDs (~4.0 nm) which were
homogeneously anchored onto N- RGO. The HD—TiO,—N—RGO compact monolith exhib-
ited a high gravimetric capacity of 203.4mAh g~! without degradation after 100 cycles at
100mA g~ . Furthermore, a high stability lifespan with over 91% capacity retention after
1000 cycles at 2000 mA g~ was demonstrated [241].

Cathode materials for sodium-based batteries are summarized in Table 9. We in-
clude the highest reported voltage range, capacity, current density, number of cycles,
and retention.
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Table 9. Cathode materials for Na-based batteries.

Cathode Material Kgg;giv) (Cnilgaflltgy_l) &lfegn_tl) Cycles g/:e;entlon
Layer metal oxides

03-NaNij sMn 50, [242] 2.0-4.0 133 468 500 70
O3-NaNiy 1,Cug 1,Mgp 12Feq 15

Cop.15Mng 1Tig 1S 15b 0405 [243] 2.0-3.9 110 360 500 83
a—NaMnO, [237] 2.0-3.8 175 10 50
B—NaMnO, [237] 2.0-3.8 130 10 50

P2—Na, /3Nij ;3Mny /3Ti; 30, [236]  2.5-4.1 88 12 500 83.9
NaNij sMn ,Ti 30, [244] 2.8 135 240 200 85
NasNi; 5Cug 5BiOg [245] 32 94 10.8 200 62
NaNij sMnj 50, CNT [235] 2.5 141 12 100 920
Nay ¢7[Mn ¢Nij 1Fe( 3]0 [246] 43 200 13 25 75
Nag ,CoO, Microspheres [247] 29 125 5 300 86
Nay ¢7[FeysMng 5]O, [234] 2.7 183 15 10 920
Nag 9Cug »oFey 3Mn 480, [248] 32 100 10 100

NaNij ,3Fe; ,;sMny /30, [249] 123 130 100 80
Nay ¢;Mn) 67Nij ,6Mg( 050, [250] 123 012

Nay /3Ni; ;3Mny /3Ty 30, [236] 88 17.3 500 83
HD—TiO,—N—RGO [241] 203.4 100 100 91
Prussian blue

Na,Nij 1Mnj gFe (CN)g -

NHLO [240] 110 1000 95
Prussian white

Na; gyFeFe(CN)g [251] 3 150 600 1000 75
Polyanionic Compoound

Na,Fe(C,0,4)SO, - H,O [238] 1.7-4.2 ~75 44 500 85
NazV,(POy),F3 [252] 37 120 0.052

Na,Fe(C,0,)SO, [238] 3.1 170 44 500 85
Sulfur

S sugar derived [253] 0.8-2.6 700 1675 1500 81
S/Fe-HC [254] 0.8-2.7 1023 100 1000 38

2: C-Rate. HD: highly dense, RGO: reduced graphene oxide.

4.3. Cathodes for Potassium-Based Batteries

The cathodes discussed for potassium batteries include layered TMO (Co-, Fe-, Mn-,
and V-based ), Prussian blue analogues, polymers, organics, S, and O.

Cobalt-based materials have been studied as cathode since 2017. For instance, K, ;CoO,
has an hexagonal symmetry crystal structure, and it is able to deliver a capacity of
74mAh gfl working in a voltage range of 1.7-4.0 V, maintaining 64 mA g*1 after 300 cy-
cles [255]. The main challenge of using Co-based materials is their high costs and toxicity,
causing an increasing interest in searching for cheaper and eco-friendly
alternative materials.

Mn-based materials have been proposed as cathodes for potassium batteries since
2016. For example, K, sMnO, is a layered material that allows the intercalation of K ions
with an experimental specific capacity of 136mAhg~! at 27.0mA g~! in a voltage range
of 1.5-4.0 V, but a low capacity retention (58% after 50 cycles) [256]. The results also show
that the cathode performance has a high dependence on the window potential, exhibiting a
high capacity retention (91% after 50 cycles and 57% after 685 cycles) between 1.5 and 3.5 V
with a specific capacity of 65mAhg~! at 27mA g~!. This loss of capacity is also reported
for Ky sMnO, that delivers a specific capacity of 140 mAhg~! between 1.5 and 4.2 V with a
low retention (~35 % after 20 cycles), and 93 mAh g~ ! between 1.5 and 3.9 V at a current
of current rate of 20mA g~ ! with a capacity retention of 70% after 50 cycles [257]. The loss
of capacity of these materials at a higher potential is associated with irreversible phase
transitions at higher potentials.
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Similar to layered oxide studies for Na-based batteries, the K* transport kinetics
and storage sites are limited in these materials, causing a low performance and capacity.
Disordered structures instead of ordered structures have been also studied in K-based
batteries to address these issues. For instance, layered oxide K,Mn ;Ni; 30,, which has
a high redox potential and highly symmetric crystalline structure, has been explored as
K*/vacancy disordering [258]. The results show that K, ;Mn, ;Ni, 50, delivers the best per-
formance, with high discharge capacity of 1254mAhg~!at 100mA g~! and 83.8mAhg!
at 1000mA g~ !, and an average discharge voltage of 3.0. Additionally, K, ;Mn, ;Ni; 50,
exhibits a good cyclic stability, retaining a capacity of 78.4mAhg~! after 800 cycles at
1000 mA g~ ! (capacity retention of 88.5%).

V-based materials deliver high voltage plateaus in Potassium batteries. Some examples
include KVPO,F and KVOPO, that can maintain an average working voltage of 4.02 V and
3.95V, respectively [259]. These materials were tested in the voltage range of 4.8-2.0 V at
6.65mA g~!, showing a capacity of 70mA h g~!. Moreover, KVPO,F and KVOPO, show
reversible capacities of 92mAhg ! and 84 mA g~ ! in the voltage range of 5-2.0 V with a
working voltage of ~4.0 V. Another option of V-based material is KVP,0,, which shows
an average discharge potential of 4.2 V and a capacity of 60 mA hg~! [260]. To improve the
material capacity of the cathode, some researchers have focused on developing compounds
analogous to the Li and Na equivalent. For example, KV,(PO,),F5 has been proposed [261].
This material is capable of delivering a capacity of 104mAhg~! at lower voltage of 3.7 V.

Prussian blue analogue (PBA) materials are common multi-metal redox couples that
have the formula KXMHI[FeH(CN)6] where Ml (trivalent transition ion) is replaced with M
(bivalent transition ion) to obtain higher theoretical capacities. An example of PBA studied
as a cathode is K,Fe[Fe(CN)¢] which deliver more than one redox couple, at 3.55-3.26 V
and 4.1-3.91 V, and it exhibit a specific capacity of 110 mAhgfl. Another example is
K; eMn[Fe(CN)¢lg.g6, Which shows 4.12-3.69 V and presents a higher initial capacity of
125mAhg~!. Another approach explored is increasing the content of K in these PBA
materials to raise the capacity. For example, K; 7;sMn[Fe(CN)¢] 93 exhibited a discharge
capacity of 130mAhg~! at 30mA g~ ! after 100 cycles [262], and K; ggMn[Fe(CN)glo.92
delivered a reversible capacity of 146.2mAhg~! at 0.2 C [263].

Organic materials have been studied as the cathode of potassium batteries since
2015. They have impressive electrochemical performances, and they also are inexpensive
and eco-friendly. Organic materials that have a crystal structure usually possess larger
interlayer spacings since they are held together by van der Waals forces instead of ionic or
covalent bonding. Some common organic cathodes are anthraquinone-1,5-disulfonic acid
sodium salt (AQDS), oxocarbon salts, perylene tetracarboxylic dianhydride (PTCDA), and
PAQS. AQDS exhibited a first discharged capacity of 114.9mAhg~!,and 78 mAh g~ ! after
100 cycles [264]. OxoCarbon salts K,C4Og have good performance, showing 212mAh g ™!
at40mA g~!and 164mAhg~! at 2000mA g~ [265]. PTCDA showed a specific capacity
of 131mAhg~! and two discharge plateaus at around 2.4 and 2.2 V [266]. PAQS delivered
a high capacity of 200 mA h g~ !with a capacity retention of 75% after 50 cycles at a rate of
C/10, and it has two slopes averaged at 2.1 and 1.6 V [267].

In addition, S has been explored as an alternative cathode for K-based batteries. The
main challenges using S are as follows: (1) cycle stability due to capacity fade and shuttle
effect; (2) the discharge voltage not being in a flat region but lying on the sloping part of
the curve; and (3) high operating temperature. To address these issues, some research has
been focused on testing the cathode materials studied for Li- and Na-based batteries. For
instance, a pyrolyzed polyacrylonitrile /sulfur nanocomposite (SPAN) has been studied
to assess their performance in a room temperature battery. SPAN shows a high reversible
capacity of 270mA hg~! at a current rate of 125mA g~! working in a voltage range of 0.8 V
t0 2.9V [268]. To reduce and avoid the shuttle effect, a confined and covalent sulfur cathode
has been explored, operating at room temperature. This cathode can deliver an energy
density as high as ~445Whkg~!, a Coulombic efficiency close to 100 %, and superior
cycle stability with a capacity retention of 86.3 % over 300 cycles at a voltage 3.0V [269].
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Another option explored is the use of carbon materials to avoid the formation of soluble
polysulfides. For example, a microporous carbon-confined small-molecule sulfur composite
has been tested, showing a reversible capacity of 1198.3mA h g~! with retention of 72.5 %
after 150 cycles and Coulombic efficiency of ~97 % [270].

Cathode materials for potassium-based batteries are summarized in Table 10. We
include the highest reported voltage range, capacity, current density, number of cycles,

and retention.

Table 10. Cathode materials for K-based batteries.

. Voltage Capacity Current Retention
Cathode Material W) (mAhg-!) (mAg-) Cycles (%)
Transition metal Oxide
NaCoO, [271] 29 80 0.05% 50 80
NaCrO [272] 2.95 88 0.052 200 71
K 6C00O, [273] 3 82 11.8 300 87
Ko_sCrFq 5.43 284
KFMO [274] 2.45[275] 178 1000 300 87
Ky sMnO, [256] 1.5-3.5 136 27.9 685 91
Ko sMnO, [257] 3.6 140 20 50 76
KNiCoMnO [276] 3.1 76.5 20 100 87
Ko 5V,05 [277] 2.5 90 10 250 81
Prussian blue analogue
KCuFe(CN)g [278] 60 832 83
K4Fe(CN)g [279] 3.6 65.9 20 400 68
KFeFe(CN)g 3.75 [280] 122 [262] 100 [281]  1000[281] 90 [280]
KMnFe(CN)g [263] 3.9 [282] 142 102 [262] 100 96
KNiFe(CN)g [283] 59 412 95
SWCNT—PB [284] 1000 80
MWCNT—PB [284] 1000 60
RGO—PB—SSM [285] 90 102 87
Polyanionic compounds
FePO, 21 160 4 50
FeSO,F 3.5 0.052
KVPO,F [259] 4 92 665 50 97
KVP,0, [260] 44 60 202 100 83
K3V, (POy),F5 [261] 3.7 104 250 100 97
K3V,(POy)3/C [286] 3.6 54 20 100
Organic
Anthraquinone [264] 1.7 114 13 100
KyCeOg [265] 1.7 213 12 100
PAQS [267] 24 200 50 300 80
PTCDA [287] 21 130 13 50
Sulfur
Catholyte: S + K,S, [288] 402 1 1000 100
Confined and covalent S [269] 873.9 100 300 86.3
CMK-3/5 [289] 606 10 10 40
S-CNT [290] 1140 167.5 50 52.6
Microporous C/S [270] 1198.3 20 150 725
Pyrolyzed poly
acrylonitrile/S [268] 0.8-2.9 710 125 100 54
Sulfurized Carbonized 1050 8375 100 95

polyacrylonitrile [291]

2. C-rate. CNT: carbon nanotubes.

4.4. Cathodes for Zinc-Based Batteries

The cathodes discussed for Zn batteries include layered materials (Mn Oxides, and
V-based), Prussian blue, and organic materials.
Early research in cathode materials for Zn-based batteries was focused on Mn oxides
since they possess a high valence state and phases that facilitate the intercalation of Zn ions,
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and also they are eco-friendly and offer a low cost. Current Mn-based materials studied
include the following phases: y—MnO,, a—MnO,, and ZnMn,Oy [172]. To research the
electrochemical mechanism of the former as cathode material, a mesoporous y—MnO, was
synthesized and characterized, showing a structural transformation from tunnel type to
spinel type [292]. The cathode delivered an initial discharge capacity of 285mAhcm ™! in
a voltage range of 0.8-1.8 V. «4—MnO, has been studied since 2009, but its electrochemical
reaction mechanism is still a topic of discussion [172]. Currently, there are three mechanisms
proposed: (1) zinc intercalation/deintercalation; (2) conversion reaction; and (3) H" and
Zn** co-insertion. Another Mn-based material explored is ZnMn,Q,, which is inspired
by the success of LiMn,0,. ZnMn,O, has a spinel structure, and it was tested as the host
material for intercalation of Zn** cations, showing a specific capacity of 150mAhg~" ata
high current of 500 mA g~! with a retention of 94 % for 500 cycles .

V-based cathode materials have been widely studied as a cathode for Zn-based batter-
ies. For instance, V,Os is a layered material capable of storing Zn ions in the interlayers.
Additionally, the role of structural H,O on Zn*" intercalation has been studied in bilayer
V,05-nH,0, suggesting that the H,O improves the Zn>" diffusion due to the water func-
tions as a lubricant that reduced electrostatic interactions with the V,05 framework [293].
This cathode was capable of delivering a high initial capacity of 381mAhg~! at a cur-
rent density of 60mA g~!, and 372mAhg~! at 300mA g~!. Moreover, V,05 was tested
at 5000mA g~! for over 4000 cycles, showing a long cycle life [294]. Other V material
explored are as follows: vanadium dioxide VOg, which has a special tunnel-like framework;
VO, that has a capacity of 274mAhg~! and an ultra-long lifespan of 10,000 cycles with
a capacity retention of 79 % [295]; and VO,(B) nanofibers that have ultrafast kinetics of
Zn** due to the tunnels into the material and little structural change on Zn*" intercalation
(capacity of 357mAhg~! at 100mA g~1) [296]. V materials also can be improved with a
pre-intercalation of cations. For instance, H,V;0g nanowire cathode exhibits a high capacity
of 423.8mAhg~! at 100 mA g~ ! with capacity retention of 94.3 % for over 1000 cycles [297].
Recently, layered Mg 1V,05- H,O(MgVO) nanobelts were proposed for practical Zinc bat-
tery systems [298]. Additionally, a concentrated 3 M Zn(CF;503), polyacrylamide was used
as a gel electrolyte. As a result, the cathode showed a capacity of 470mAhg~!, and it is
capable of delivering 345mAh g1 at 500 mA g~!. The assembled system has 95 % capacity
retention over 3000 cycles operating in a temperature range from 243.15K to 353.15K.

Prussian blue materials suggested for Zinc batteries include copper hexacyanofer-
rate (CuHCF) and zinc hexacyanoferrate (ZnHCEF). CuHCF showed a specific capacity of
~50mAhg~! ata current rate of 60mA h g~! with an average discharge voltage of 1.73V
and a retention of 96.3 % after 100 cycles [299]. ZnHCEF, which has a rhombohedral crystal
structure, showed a first cycle capacity of 65.4mAhg~! at a current rate of 60 mA g~ with
an average voltage of 1.7V [300].

Polyanionic compounds as cathode in zinc batteries are LizV,(POy); [301], which
shows a capacity of 113.5mAhg~!, Na;V,(PO,);/C [302] that a capacity of 97 mAhg~!,
and NagV,(POy),F3 [303] a capacity of 50mAh g’l.

Cathode materials for zinc-based batteries are summarized in Table 11. We include the
highest reported voltage range, capacity, current density, number of cycles, and retention.
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Table 11. Cathode materials for Zn-based batteries.

Cathode Material Kgg;giv) (Cn:galclltgy_l) &lfegn_tl) Cycles :E/:e;entlon
Layered Oxides

Manganese

a—MnO, nanorods [304] 0.8—-1.8 115.9 5000 4000 97.7
«—MnO, nanofibers [305] 1.0-1.85 285 1520 5000 92
«—MnO,/rGO [306] 1.0-1.9 382 300 3000 94
MnO, [307] 1.0-18 70 1885 10,000
MnO,—PANI [308] 1.0-18 125 2000 5000

Vanadium

H, V304 nanowires [309] 0.2-1.6 173.6 5000 1000 94.3
H,V30g nanowires/ GO [297] 0.2-1.6 394 300 2000 87
Li—V,05-nH,0 [310] 0.4-14 192 10,000 1000

LiV;04 [311] 0.6-1.2 140 133 65

Mg 1V,05-H,O(MgVO) 0.1-1.6 470 5000 3000 95
Bilayer V,0Os5-nH,O [293] 0.2-1.6 200 6000 900 71
VO, [295] 0.7-1.7 133 10,000 10,000 79
VO, (B) [296] 0.3-1.5 357 100 50

V,05 [312] 0.2-1.6 372 5000 4000 91.1
V013 [313] 0.2-1.5 240 4000 2000 92
V;0,-H,O/rGO [314] 0.3-1.5 245 1500 1000 79
VO, /rGO [315] 0.3-1.3 240 4000 1000 99
VS, flake [316] 0.4-1.0 125 200 250 99.7
Zng,5V,05-nH0 0.5-14 260 2400 1000 80
nanobelts [317]

others

Agy4V,05[318] 04-1.4 144 20 4000
Cag»5V,05-nH,0 [319] 0.6-1.6 70 20 3000 96
K5V6016.27H,0

nanorod [320] 04-1.4 188 6 500 82
Nay 33V,05 [321] 0.2-1.6 218.4 1 1000 93
NaV;0g [322] 0.3-1.25 165 4 1000 82
Na,V014.1.63H,0 [323] 0.2-1.6 158 5 6000 90
Na; 1V307,4/1GO [324] 04-14 171 300 100

NH,V,0;, [325] 0.4-14 255.5 10 1000
MoO,/Mo,N nanobelts [326]  0.25-1.35 113 1 1000 78.8
MoS, [327] 0.3-1.5 161.7 1 1000 97.7
Prussian blue analogues

CuHCEF [299] 0.45-14 50 10,000 1000 [328] 80
ZnHCEF [329] 0.8-1.9 68 300 200 85
Polyanionic compound

LizV,(POy); [301] 0.7-2.1 113.5 1500 [294]

NazV,(POy)3/C [302] 0.8-1.7 97 50 200 [330] 74
Organic

Polyaniline [53] 0.5-1.5 82 5000

Quinones [331] 0.2-1.8 120 500 3000 92

4.5. Cathodes for Calcium-Based Batteries

The design of cathodes for Ca-based batteries suffer several technical bottlenecks that
have limited the electrochemical calcium intercalation in known materials [47,186,332].
For example, the large size of Ca-ions limit a rapid insertion and de-insertion of Ca*?,
requiring materials with sufficient crystallographic space to insert the Ca-ions. A few
successful cathodes have been tested electrochemically, and the research has been focused
on demonstrating the reversible capacity of Ca in layered (Co-based and V-based), Prussian
blue, and organic materials.

In 2016, the intercalation of Ca** was successfully proved in a calcium cobaltate
cathode (CaCo,0,), showing that the reversible capacity change in the range of 30mAhg~!
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to 100mAh g~! depending on the experimental conditions (current density and voltage
range) [333]. Moreover, Ca extraction was achieved for the first time in a 1D framework
for CazCo0,04 [334]. This compound was widely studied for its magnetic properties and
its crystal structure, and the result opens new routes toward the research of 1D structures
as electrodes in calcium batteries. In addition, the electrochemical intercalation of Ca,,
in layered TiS, using alkyl carbonate-based electrolytes was proved [335], showing a
capacity of 520mAhg~! at C/100 and 210mAhg~! at C/ 50, with a working average
voltage of 1.5 V. This material requires further research to evaluate cyclability. Graphite has
been explored in Ca batteries that can work stably at room temperature and high voltage.
Graphite cathodes have shown a capacity retention of 95 % after 350 cycles with a voltage
of 4.45V [189]. The Ca*? intercalation in the MnFe(CN)¢ has been researched, showing a
first cycle capacity of ~80mA hg~!, and after 30 cycles it is capable of delivering a capacity
of ~50mAhg~! [336].

On the other hand, molybdite Ca,MoO; was shown to be electrochemically active in
Ca batteries with nonaqueous electrolytes, and molybdenum and molybdenum oxide has a
low toxicity [337]. Although the perovskite-type CaMoO; was found to be unsatisfactory
due to the low mobility of Ca in its framework, the structure of the orthorhombic a—MoOj;
phase (nonplanar double-layers of MoOg-octahedra separated by a van der Waals gap) is
suitable for intercalation reactions of monovalent and divalent cations in both aqueous
(protic) and nonaqueous (aprotic) media. The results showed an experimental reversible
first cycle capacity of about 180 mA h g ! with an average voltage of 1.3 V, but after 12 cycles
the capacity is ~100mAhg~!.

Early research in V-based material for Ca batteries showed that vanadium oxides
are reversible as Ca hosts, estimating discharge capacities of 400mA hg~! [338]. Recently,
bilayered Mg ,5V,05H,0 has been explored as a stable cathode [339]. This material
exhibited a capacity of 80 mA hg~! in the first cycle and 120mA hg~! in the second cycle
at a current rate of 20mA g~ ! and a capacity of 70.2mAhg~! at a current of 100mA g~!
with a capacity retention of 86.9 % after 500 cycles. VOPO,-,H,0O has also been studied
because it has a higher working potential than layered Vanadium Oxide. VOPOy-,H,0O
cathode delivered a discharge capacity of 100.6mAhg~! at20mAg~!,and 492.7mAhg!
at 200 mA g~! with an average voltage of 2.8V and cycling during 200 cycles [340].

Organic material explored as cathodes include a structured potassium copper hex-
acyanoferrate (CuHCF) with high redox-potential and a sufficiently large open channel
structure that accommodates storage and diffusion of a Ca*?. CuHCF nanoparticles showed
a crystal lattice structure and delivered a capacity of 50mAh g~! at 300 mA g~! with 94 %
capacity retention after 1000 cycles [190].

Furthermore, sulfur and air cathodes have been proposed for Ca batteries. Early work
in Ca/S batteries focused on non-rechargeable systems due to irreversible processes; these
systems can achieve a capacity of 600 mA hg~! [341].

Cathode materials for calcium-based batteries are summarized in Table 12. We in-
clude the highest reported voltage range, capacity, current density, number of cycles,
and retention.
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Table 12. Cathode materials for Ca-based batteries.
Cathode Material Kgg;giv) (Cnilgaflltgy_l) &lfegn_tl) Cycles (lz/i;entlon
Carbon
Graphite [189] 445 70 350 95
Layered Oxide
CaCoO [334] 3 150 30
MoO; [337] 1.3 180 2 12 ~50
V,05 [338] 3.2 465 200 [340] 200 [340]
Layered sulfide
TiS, [335] 1.5 520 1/502 1
S/meso -C [341] 0.75 600
Polyanionic compound
VOPO,.,H,0 [340] 2.8 100 200 200
Prussian blue analogue
K,BaFe(CN)g4 0-0.8 55.8 100
Nag ,MnFe(CN)g [336] 0-3.5 70 35
Organic
CaCuHCF [190] 50 300 1000 95

a: C-rate. PANIL polyaniline, PAQS: polyanthraquinonyl sulfide, PTCDA: perylene-tetracarboxylicacid-
dianhydride, NB: nanobelts, NF: nanofibers, NR: nanorod, NW: nanowires.

4.6. Cathodes for Magnesium-Based Batteries

The cathodes discussed for magnesium batteries include Chevrel phase, spinel, layered
materials (Mn oxides, and V-based), polyanion compounds, Prussian blue, and organic
materials. Finding a stable cathode material for Mg batteries has resulted in some challenges
due to the difficulty in entering and diffusing the inorganic materials by the divalent cation
(Mg*?), and the necessity to research compatible electrolytes with these cathodes [8,47].

MogSg is a Chevrel phase (CP) intercalation material that showed for the first time
the reversibility of Mg*? ions. Its structure has a quasi-simple-cubic packing of the Mo,Ss,
which forms 3D channels available for Mg*? transfer. With the high mobility of Mg*
and fast interfacial charge transfer, MogSg is the most successful cathode material at room
temperature to date, exhibiting excellent intercalation kinetics and reversibility with a
capacity of 1220mAhg~! at 1.2V [342]. The electrochemical performance of nanosized and
microsized MogSg has also been researched to improve the voltage and capacity.

Spinel materials as cathodes for Mg-based batteries have the general formula MgT,X,,
where X can be O, S, or Se, and T is a transitional metal such as Ti, V, Cr, Mn, Fe, Co, or Ni.
The challenge of using spinel cathodes is the low ion mobility and difficult intercalation
reversibly at room temperature.

Layered materials are an alternative for cathodes. For example, layered TiS, consists
of stacking sequences of TiS, slabs, composed of stacking of close-packed two-dimensional
triangular lattices of sulfur. Additional layered oxide materials studied include V-based,
such as V,0s5, and Mo- based, such as MoOj3;. Some researchers suggest increasing the
distance between layers in layered TiS, and the crystal volume of spinel TiS, to benefit
Mg2+ mobility since layered and spinel TiS, are sensitive to the size of octahedral and
tetrahedral sites.

Polyanionic compounds are an alternative for cathode materials that have a 1D dif-
fusion channel. The olivine structure consists of a distorted hexagonal close-packed (hcp)
framework of oxygen with tetrahedral sites occupied by P or Si and two distinct octahedral
sites: 4a occupied by Mg and 4c occupied by M ions (M: Fe, Mn, or Co) [8]. These polyan-
ionic compounds include phosphates, such as FePO,, and silicates, such as MgMSiO,.

Conversion cathodes for Mg-batteries are a promising option to achieve higher energy
density than intercalation materials. In the conversion mechanism, chemical bonds are
broken, and new ones are created during the insertion and extraction of Mg. Conversion
materials include many transition metal oxides, sulfides, chloride, and organic compounds.
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Although different Mg electrolyte systems have been developed, including producing
high reduction-oxidation cycling efficiency, Mg rechargeable batteries are still far from a
commercial reality. This is partly due to the lack of cathode materials, which can be operated
at high positive voltages and support a usefully high energy density. The conventional
transition-metal oxide cathodes for Li-based batteries are not effective for Mg?" ion insertion
due to the slow diffusion of these divalent cations; their high charge density leads to strong
electrostatic interactions with the host lattice [343].

Cathode materials for magnesium-based batteries are summarized in Table 13. We
include the highest reported voltage range, capacity, current density, number of cycles,
and retention.

Table 13. Cathode materials for Mg-based batteries.

. Voltage Capacit Current Retention
Cathode Material Rangg W) (mg h gy_l) (mA g~ ) Cycles %)
Intercalation
Mo,Sg [342] 1.3 122 152 3000 93
MoO; [344] 1.8 210
MOoOF [345] 70
MoVO [346] 2.1 235
TiyS, [347] 1.2 200 022 40
TiS, [348] 1.5 158 24 400 95
TiS; [349,350] 1.2 83.7 10 50
TiSe, [351] 1 110 5 50
V,05 [352] 2.56 150
VSe, [351] 1 110
Polianionic compound
AgCl[353] 2 178 930 100
CuS [354,355] 1.6 200 50 30
Cu,Se [356] 1.2 230 5 35
FePO, [357] 2 15 20
MnO, [358] 2 150
Silicate [359] 4
Organic
DMBQ [360] 2 100 022 30
PAQ [361] 1.7 150 130 100
Sulphur
S [362] 1.77 600 200 100
S-ACCS [363] 1.5 950 100 48
S-C [364] 1.1 1081 30 76
S-CMK [365] 1.6 800 100 [366] 50 [366]
S-CNT [367] 1.3 1200 100 83
S-rGO [368] 1.5 1028 50 21
Oxygen
0O [369,370] 29 1300
1[371] 2 200

: C-rate, CNT: carbon nanotubes, DMBQ: dimethoxy-1,4-benzoquinone, PAQ: olyanthraquinone.

4.7. Cathodes for Aluminum-Based Batteries

The cathodes discussed for Al batteries include carbon-based, layered (TMO, TMS,
TMEF), spinel, polyanionic compounds, and organics.

Carbon paper, which is composed of graphite, has been explored as a cathode material
for Al-based batteries [372], showing a voltage plateau of 1.8 V. Furthermore, a discharged
capacity of 69.92mAh g~! is achieved experimentally at a current density of 100mA g~!
during 100 cycles. To improve the low discharge voltage, and low cycle life, pyrolytic
graphite (PG) has been studied [373]. This graphite cathode has shown a cycling life of over
7500 cycles without capacity decay, a discharge voltage plateaus around 2 V, and a specific
capacity of 60mAhg~! to 66mAhg™! at 4000mA g~! with high Coulombic efficiency
(~98 %). The use of Al/PG exhibited a limited rate capability with lower specific capacity
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when charged, and discharged at a rate 65mA g~!. Another alternative cathode studied
is the 3D graphitic foams [374], which have a porous graphitic structure to facilitate ion
diffusion and intercalation-deintercalation kinetics, and to increase the battery power den-
sity and rate capability. Wu et al. reported a new method of synthesizing a monolithic 3D
graphitic foam (3DGF) containing aligned few-layered Graphene sheets with a low density
of defects or oxygen groups. The tested Al/3DGF battery showed a high current density
up to 12 A g~! and a plateau voltage of 1.8 V. Moreover, it delivers a discharge capacity of
60 mA hg~! with high Coulombic efficiency (~100 %) and high capacity retention (~100 %
after 4000 cycles).

To improve the cathode performance, another material explored is a defect-free
graphene aerogel (GA) [375]. The GA cathode design exhibits crystallized carbons in
the atomic structure, eliminating the inactive defects and improving the fast intercalation
of large-sized anions. The electrochemical tests showed a capacity of 100mAhg~! at a
current density of 5000 mA g~! with an average voltage of 1.95V and a capacity retention
of 97 % after 25,000 cycles. Moreover, it can deliver a capacity of 97 mAhg ' at50 Ag1.
The authors suggest that the material quality and cell performance are highly reproducible,
favoring large-scale manufacture. Recently, researchers developed a free-standing graphitic
nanoribbon interconnect nanocup stack as a cathode to avoid the risk of side reactions and
electrode pulverization [376]. This binder-free material is a flexible electrode that exhibits a
capacity of 126 mAh g~ at a current density of 1000mA g~!, and it is capable of delivering
a capacity of 95 mAhg~! at a high current density of 50 A g~!. In addition, this material
was tested for long-term cycling stability, 20,000 cycles at a current density of 10 A g~ 1.

In 2017, the fabrication of mesoporous LizVO,/C hollow spheres composite as a
cathode material was reported for the first time. The structure of Li;VO, can be estimated
as a hollow lantern-like 3D structure, which consists of orderly corner-shared VO, and
LiO, tetrahedrons, and with many empty sites in the hollow lantern-like 3D structure
to accommodate ions inserting reversibly. The Al/Li;VO,/C battery showed an initial
discharge capacity of is 137mAhg~! at a current density of 20mA g~! and remains at
48mAhg! after 100 cycles with high Coulombic efficiency (~100 %) but a low voltage
discharge plateau (0.5 V) [377].

Mo oxide is another alternative studied as a cathode material to improve the voltage
in Al-based batteries. For example, a dense Mo oxide layer was fabricated on Ni foam
(MoO,/Ni) [378]. Experimentally, the electrochemical performance demonstrated a discharge
potential of 1.9 V, which is higher than most of the studied metal oxide cathodes of Al batteries.
In addition, MoO,/Ni showed a specific discharge capacity of 90 mA h g ! at a current density
of 1000mA g~!. A disadvantage of using MoO,/Ni is the rapid capacity decay as a result of
the MoO, being dissolved and transferred to the separator after long cycling.

Metal sulfides were also suggested as cathodes in Al batteries. For instance, a 3D
hierarchical copper sulfide (CuS) microsphere composed of nanoflakes [379] showed an
average discharge voltage of 1.0 V and a reversible specific capacity of about 90mAhg~!
at 20mA g~! with high Coulombic efficiency (~100 % after 100 cycles). The remarkable
electrochemical performance results from both the particular crystalline structure and
uniform nanoflakes, facilitating the electron and ion transfer. Layered TiS, and spinel-
based cubic Cuy 3,Ti,S, are other alternative metal sulfides tested, but they showed low
performance and slow diffusion of AI** [380]. Alternatively, porous microspherical CuO
(PM-CuO) composed of stacked nanorods was synthesized as the cathode for improving
the electrochemical performance thanks to its porous features [381]. This material delivers
a discharge capacity of 250.12mAhg~!, and it is capable of maintaining 130.49mAhg~!
after 100 cycles, which is better than the Li;VO,.

Sulfur is another attractive conversion material for cathodes in Al-based batteries.
However, elemental sulfur, as a positive electrode material, may have two critical challenges:
(1) batteries with a notorious dissolution of multisulfide compounds, which results in the
loss of electrochemically active species; (2) low kinetics owing to the insulating nature of
elemental S, which inhibit the reversible electrochemical reaction between Al and S. Some
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examples to address these challenges are S/mesoporous carbon (S/CMK-3), which can
deliver a capacity of 1500mAhg~! at a current density of 251 mA g~ ! [382], and using a
Li-ion medjiation strategy [383].

Cathode materials for aluminum-based batteries are summarized in Table 14. We
include the highest reported voltage range, capacity, current density, number of cycles,
and retention.

Table 14. Cathode materials for Al-based batteries.

. Voltage Capacity Current Retention
Cathode Material W) (mAhg=1) (mAgl) Cycles %)
Carbon
3D graphitic foams [374] 1.8 60 12,000 7500 [373] 100
C paper [372] 1.8 85 50
C NF [376] 126 1000 20,000 100
C nanoscrolls [376] 104 1000 55,000 100
Defect-free G [375] 1.94 100 5000 25,000 97
G film [384] 2.3 240 [385] 6000 250,000 91.7
G microflower [386] 1.85 92 100 5000 100
G nanoribbons [387] 2 148 2000 10,000 98
kish Graphite flakes [388] 1.79 142 50 200 100
mesoporous rGO [389] 120 20 100 85
Zeolite-templated C [390] 1.05 382 50 1000 86
Metal Oxides
LizVO,/C [377] 0.5 137 20 100 35
MoO, [378] 1.95 90 100 100 28
Mo, 5., VOg, [391] 0.75 340 2 25 70
VO, [392] 0.5 116 50 100 70
V,05 [393] 0.6 239 44.2
V,05/C [394] 1 200 10 15 66
V,05 nanowires [49] 0.55 305 20 78
Metal sulfide
CuS/C MS [379] 1 90 20 100 32
Cuy 31 TiyS, [380] 95 5 50 16
Hexagonal NiS NB [395] 0.9 105 20 100 100
Ni3S,/G [396] 1 350 100 100 17
Porous CuO MS [381] 0.6 250 50 100 45
Mo,Sg [397] 80 6 50 47
5nS,/rGO [398] 0.68 392 100 100 25
Sng porous film [399] 1.1 406 20 100 91
TiS, [380] 50 5 50 72
VS, /rGO [399] 407 100 100 20
Sulfur
S/ACC [400] 0.75 1320 500 20
S/CNF [382] 0.76 600 21 20
S/mesoporous C [383] 0.5 400 251
S powder [401] 1.2 1300 50 20

ACC: Activate Carbon cloth, C: Carbon, CNT: Carbon, nanofiber, G: Graphene, MS: microsphere, NB: Nanobelts,
NF: Nanofibers.

Figure 10 compares the current research in cathode materials for each battery type,
presenting the theoretical capacity, experimental capacity, current density, and the number
of cycles for each material. In Figure 11, the evolution and progress of the specific capacity
and the cathode materials in the research field are shown. The color of the line represents
the type to which the cathode belongs. Continuous lines represent intercalation cathode
materials, while dot lines represent conversion cathode materials.
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Figure 10. Current research in cathode materials. Columns organize the seven battery types. Rows

represent the composite material group. Theoretical capacity, experimental capacity, current density,

and the number of cycles are also included. A special symbol highlights flexible anode materials.

Graph constructed by the authors from references in Tables 8-14.
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Figure 11. The advance of the cathodes’ specific capacity, comparing the seven battery types: Li, Na,
K, Zn, Ca, Mg, and Al. Continuous line: traditional intercalation materials. Dot lines conversion
materials. Graph constructed by the authors from references in Tables 8-14. NW, nanowires; NR,
nanorods; NB, nanobelts.

5. Electrolyte and Separator

The electrolyte has three main functions in a battery. First, it electronically separates
the anode and the cathode. Second, the electrolyte must efficiently transport the ionic
charge carrier of interest between these electrodes. Third, it should support a continuous
reduction/oxidation process, satisfying the needs of both electrodes [15,21]. Therefore, an
ideal electrolyte requires the following characteristics to improve battery performance:

Chemical inertness toward inactive and active battery components.
Thermal stability with low melting and high boiling temperatures.
Electrochemical stability window.

High ionic conductivity and no electronic conductivity.
Environmental friendliness and nontoxicity.

Sustainable chemistry.

Simple synthesis, preparation, and scaling processes.

Tunable interphase property on both electrodes.

Electrolytes can be classified as a liquid [13,191,402,403] or a solid state [404—406].
Liquid electrolytes integrate a liquid solvent (Table 15) and an electrolytic salt (Table 16).
The complete dissociation of the electrolytic salt results in excellent compatibility and high
ionic conductivity [404]. In addition, it has been demonstrated that salt concentration
in electrolytes influences ionic conductivity and stability. Recent research suggests that
highly concentrated electrolytes could improve the ionic conductivity due to their lowfree
solvent molecules. This also helps to reduce the formation of dendrites since this improves
the interface between the electrolyte and the electrode [407,408]. The challenges of using
highly concentrated electrolytes are the high viscosity and high cost.

Liquid electrolytes have some safety issues including short circuits, which could
generate an overheating and battery explosion, and an unstable electrolyte/electrode
interface results in electrode inactivation. One alternative explored to address these issues
is the use of binders and polymers in electrolyte solutions [409] (Table 17). Solid-state
electrolytes (SSE) are versatile films with good viscoelasticity. They can solve the liquid
electrolytes problems with no exposure to volatile organic solvents, and they have good
mechanical stability, flexibility, and prevent dendrite growth [404,406]. Nevertheless,

PN
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the main drawbacks of SSE are ionic conductivity at room temperature (10 8Scm ™! to
10>Scm™1), which is lower than in liquid electrolytes (~1073Scm™!), and has a low
compatibility with electrodes (Table 18).

Liquid electrolytes can be classified as aqueous [53,191,322] or non-aqueous [256,402,410]
electrolytes depending on the type of solvent and salts. Aqueous solvents are based on
water, while non-aqueous solvents are based on organic liquids. Water-in-salt electrolytes
offer a high ionic conductivity, but they are limited by their narrow electrochemical win-
dow [411]. A strategy to increase the electrochemical window consists of increasing the
concentration, which can reach a stable voltage window from ~1.2V to ~3.0V with a
salt/solvent concentration ratio > 1 by volume or weight.

Organic liquid electrolytes include materials such as standard organic solvents, fluori-
nated carbonates, sulfones, and nitriles. The solvents must fulfill specific battery require-
ments, such as high fluidity, a high dielectric constant, large electrochemical stability, a wide
liquid range, high thermal stability, low vapor pressure, incombustibility, low viscosity, and
high ionic conductivity [17]. Common solvents which have high ionic conductivity, good
compatibility with commercial electrodes, and a long cycle include ethylene carbonate (EC),
propylene carbonate (PC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC).
These solvents come with some technical challenges, such as low thermal stability, low
electrochemical stability, and safety problems. To overcome these challenges, Ionic liquid
(IL) electrolytes have been researched. IL incorporates salts that melt at room temperatures
or below. These salts have properties such as nonflammability, negligible vapor pressure, re-
markable ionic conductivity, high thermal and chemical and electrochemical stabilities, low
heat capacity, and the ability to dissolve inorganic, organic, and polymeric material [412].

SSE can be made from polymers [405,406] or ceramics [413—415]. Solid polymer elec-
trolytes (SPEs) have been explored as a replacement for liquid electrolytes to overcome
flammable and volatile behavior in liquid electrolytes. Although SPEs are a versatile mate-
rial to form films with good viscoelasticity (e.g., polyethylene oxide (PEO)) the main chal-
lenges of SPEs are low ionic conductivity at room temperature (1078 Scm~! to 107> Sem™1),
low ion transference number (ITN< 0.3), and poor electrochemical stability [416]. On the
other hand, solid ceramic electrolytes have a high stability in contact with metal anodes
and have wide electrochemical windows. The use of ceramic materials is limited by their
inherent fragility, reducing its application as a flexible electrolyte [413]. Solid ceramic
electrolytes can be divided into two types: oxide- and sulfide based.

Polymer electrolytes can be classified into gel polymer electrolytes and dry polymer
electrolytes. Gel polymer electrolytes are made by dissolving the salts into a polar solvent
or an ionic liquid and by adding it to a polymer host, creating a composite. Although
this composite does not exhibit porosity, it does have ionic conductivity, electrochemical
stability, a melting temperature, wettability, and mechanical properties. The salts in the
polymer matrix allow the ionic conduction in polymer electrolytes. Polymer materials
include polyvinylidene fluoride (PVDEF), polyvinyl chloride (PVC), poly ethylene oxide
(PEO), SCT, polyethylene glycol bis-carbamate PEGBCDMA, and polytetrahydrofuran
(PTHEF). According to the polymer-solvent-ion, gel polymer electrolytes can have two kinds
of interactions: (1) strong polymer-solvent interactions, which have high chemical stability
and low ion transport; or (2) weak polymer—solvent interactions, which have low chemical
stability and fast ion transport. Dry polymer electrolytes are a solvent-free polymer—salt
system composed of electrolytic salt dissolved in a polymer matrix. These electrolytes
open the door to safety, flexibility, robustness, novel thicknesses and shapes, and new
possibilities of use for electrochemical devices.
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Table 15. Liquid electrolyte solvents.

Cyclic Carbonates  Organic Fluorinated Carbonates Sulfones Ionic Liquid
ACN MFAa EMSa EMI
y—BL FPCa T™MS DMPI
DEC EMSa FS DEDMI
DMC TFPMSa BS TMHE
DME GLNb EVS PYR
DMF ADNc ADN PIP
DMSO SENa DMMP MORP
EC TMMP TFSI
EMC BC BETI
MF FSI
NM TSAC
PC FSA™
THF TFSA™
vC BF,
diglyme PFg
tetraglyme N(CN),
DGM [BH,™
UREA PEGylated
Table 16. Salts for electrolytes.
Li Na K Zn Ca Mg Al
LiTFSI NaTFSI KFTFSI Zn(TFSI),  Ca(TFSl), = MgTSFI, AlCly
LiClO, NaClO, KCIO, Zn(ClO4), CA(ClOy), MgCl,
LiBOB NaBOB KPFq Zn(CF3503), Ca(PFg), Mg(CBy1Hyy),
LIPF6 NaPF6 KBF4 ZnSO4 Ca(BF4)2 Mg(BBU2Ph2)2
LiBF, NaBF, KFSI Ca(NOg), Mg[B(HFIP)4],
LiAsF, NaFSI KCF3505 Ca(BHy), Mg(BHy),
LiOSO,CF;  NaFTFSI
NaOTf
NaDFOB

Table 17. Additive materials for electrolytes. Source from [412].

Additive Boiling Point (K) Density (g cm—3)
TEPa 488.15 1.072

TMPa 453.15 1.197

TFPa 355.15 1.594

DMMPb 453.15 1.145

DMMEMPc 553.15

MFEa 333.15 1.529

MFAa 358.15 1.272

The separator is a porous membrane located between negative and positive electrodes,
serving as the physical separation between the anode and the cathode [417]. A separator
function is a membrane which helps to avoid short circuits and control the movement of ions
from/to electrodes. An ideal separator for batteries should have high ionic conductivity

and excellent mechanical and thermal stability.
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Table 18. Ionic conductivity of common solid-state electrolytes.

Polymer Scm~?! Ceramic Scm~!
PEO 1078 to 10~° LISICON 105 t0 1073
PMMA 10~* t0 10~° NASICON 1073 t0 1073
PAN Garnet 1075 t0 1073
PVdF Perovskite 107 °t0 1073
PVdF-HFP Sulfide 107 to 1073
PVJF-TrFE LiPON 10—

PPO

PVA

PAM

PNA

PAA

PNIPAM

Critical separator characteristics that influence properties are: thickness, weight, ionic
conductivity, porosity, pore size, and wettability (Figure 12). Thickness, which refers to a
film’s width, and weight affect energy and power density as well as the swelling process
and mechanical properties. Ionic conductivity is a measure of the movement of an ion from
one site to another, and it can vary according to porosity and the separator’s morphology.
Porosity is a measure of the holes (void spaces) in the separator, and it is estimated in
three ways: (1) a fraction of voids’ volume over the total volume, (2) between 0 and 1, or
(3) as a percentage. The porous volume also affects the uptake of the electrolyte and the
mechanical strength. Pore size is the dimension of the pore, and it is critical to reducing
dendrite growth. Wettability is the separator surface’s ability to maintain contact with
a liquid, and it is essential for producing good ionic conductivity and rate capability of
a battery.

Ay
&
QQ

(\Qucti\ﬂ'ty
N

& Types g,

Mricrorus Por Polymer
Membrane Composite Blend
Figure 12. Critical characteristics of separator materials and their general classification. Graph
constructed by the authors.

Common materials used for battery separators are polymeric and ceramic materials.
Polymer materials are used in commercial applications since the swelling process, essential
in obtaining a high ionic conductivity and high ion transport number in the separator
membrane, is more efficient in polymers. The use of polymer separators is limited by their
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poor thermal stability and wetting ability. Ceramic materials have higher thermal stability
than polymerics, but their use in commercial applications is limited by poor mechanical
stability, scalability, and high production costs [17].

Separators can be divided into three main types: microporous membranes, composite
membranes, and polymer blends [17]. Microporous membranes are commonly composed
of porous polymer layers. These membranes can be classified into four categories according
to their fabrication method, structure (pore size and porosity), and composition. These
four categories are: (1) single layer membranes that include membranes with a porosity
between 20 % to 80 % and a pore size <2 pm; (2) non-woven membranes with a porosity
between 60 % to 75 % and a pore size >6 um; (3) electrospun membranes that possess a
high porosity above 70 % and a pore size >5pum; and (4) membranes with an external
surface modification to develop specific properties by coatings, plasma treatment, polymer
grafting, and chemical modification.

In addition, composite membranes are analogous to the microporous membrane
but include micro/nanofillers inside the polymer to improve its thermal, mechanical, or
electrochemical properties. Common materials used as fillers are inert ceramic oxides
(510,, TiO,, Al,O3), ferroelectric materials (BaTiOj3), super acid oxides (CaCOs, All;, AIPO,,
Fe,0;,Zr—0—-50,4, BN, SN, NiO, CuO, nano—Zn0), clays (MMT), carbonaceous fillers
(CNT), molecular sieves and zeolites (ZSM, NaY, SBA-15, MCM-41, MOEF-5). Moreover,
filler types are divided into two main classes: passive and active classes. The difference is
that passive fillers do not directly contribute to the conduction process, while the active
fillers participate in the conduction process.

Finally, polymer blend membranes incorporate two or more polymers to improve
separator performance through complementary properties. Common polymers for polymer
blends are PVDF, P(VDF-HFP), PEO, PAN, PMMA, PE, and PVC.

5.1. Lithium Batteries

Liquid electrolyte solutions for commercial and research Li-based batteries usually con-
tain Li salts, such as lithium hexafluorophosphate (LiPFy), lithium tetrafluoroborate (LiBE,),
lithium perchlorate (LiClO,), lithium hexafluroarsenate (LiAsFy), lithium trifluoromethane-
sulfonate (LiCF3SO3) or lithium bis (trifluoromethanesulfonimide Li(CF;50,),N) (Table 16),
and non-aqueous solvents, such as DME, DMC, DEC, PC, EC and vy-butyrolactone (BL)
(Table 15).

LiPFg is used in commercial LIB, and it has been shown to be a good ion conductor
(24mScm ! to 6.2mS em 1) with EC:DEC or PC solvents, and has a high level of solubility
in organic plasticizers [418,419]. The main challenge of using LiPFy is poor thermal stability
since the decomposition reaction of LiPFg = PF5+LiF is above 333.15K. To improve LiPFg
thermal and hydrolytic stability, LiBF, has been studied. The use of LiBF, is limited
in practical applications by a low ionic conductivity (3.7 mScm~!) due to its poor ion
dissociation, a narrow electrochemical stable window (3.5 V), and the lack of a stable solid
electrolyte interface (SEI) layer [419].

Electrolytes are also researched to improve the performance of novel materials and
chemical composition. For example, N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide (Pyr4FSI) has been studied to reduce the capacity and voltage fading in cobalt-
free material such as Li; ,Nij,Mng (O, [420]. - gPyr14FSI—(-,LiTFSI was synthesized to
evaluate this impact on the cathode material. As a result, the electrolyte abolished the
structural modification of the cathode that is caused by side reactions, improving the
cycling stability when compared with conventional carbonate-based electrolytes. The tested
battery with this ionic liquid electrolyte showed a capacity of 219 mAhg~! at a current of
25mA g !and of 144mAhg ! at250mA g1, and it maintains a 56 % of retention capacity
after 2000 cycles.

Current liquid electrolytes have some technical (thermal stability) and safety chal-
lenges (flammability and explosibility) that reduce the performance and cycle life of bat-
teries. Attempts to overcome these challenges, maintaining the ion conductivity, focus
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on a new generation of IL and SSE. For example, IL crystal-based electrolytic lithium salt
(LiBIB) has shown both ionic liquid and liquid crystal behaviors, being an alternative to
working as a salt or as a polymer solvent-free electrolyte [402]. Experimental results have
shown that LiBIB has a melting point at 316.15K, a good ionic conductivity (3mScm™1),
and electrochemical stability at room temperature, which are associated with the formation
of fast ion-conductive tunnels.

In addition, to address mechanical requirements for novel applications (flexibility),
SSEs have been researched. For example, LiBIB-like ionic liquid crystal lithium salt (LiBMB)
has been combined with flexible poly (ethylene oxide) (PEO) to fabricate SSEs [404]. This
material shows a maximum ionic conductivity of 0.45mScm ™!, a Li-ion transference num-
ber of 0.54, and a diffusion coefficient 2.33 x 107 cm at 303.15 K. SSEs are an alternative to
volatile organic solvents because they do not leak, exhibit good mechanical stability and
flexibility, and prevent Li dendrite growth. The main obstacle is their lower ion-conductivity
than liquids, increasing the internal resistance in the battery.

SSEs researched for Li-based batteries also include ceramic materials that can be classi-
fied into oxide- and sulfide-based materials. Oxide-based SSEs have been shown to have
good chemical stability against Li metals and good ionic conductivity. For example, Li
superionic conductors (LISICON) have high ionic conductivity at an elevated temperature
(10~'Scm~! at 773.15K. The practical application of LISICON is limited at room temper-
ature due to the low ionic conductivity. Other oxide SSEs are Garnet, Perovskite-type,
and Na superionic conductors (NASICON). Sulfide-based SSEs have shown superior ionic
conductivity and better compatibility with electrode materials due to the lower bonding
strength between S and Li* . One problem related to these materials is the generation of
gases if they contact oxygen and water molecules (H,S).

Separators for Li-based batteries are common polymers in a single layer membrane:
polyethylene (PE), polypropylene (PP), polyethylene oxide (PEO), polyacrylonitrile (PAN),
polymethyl methacrylate (PMMA), polyvinylidene fluoride (PVDEF), polyvinylidene fluoride-
co-hexafluoropropene (PVDE-HFP), and polyvinylidene fluoride-co-trifluoroethylene (PVDEF-
TrFE). These polymer types do not exhibit high thermal resistances. Alternative polymers have
been explored, such as polyimide (PI), polym-phenylene isophthalamide (PMIA), polyether-
ether-ketone (PEEK), polybenzimidazole (PBI), polyetherimide (PEI) and polystyrene-b-
butadiene-b-styrene (SBS). In addition, eco-friendly polymers, such as cellulose, chitin, silk
fibroin, and poly(vinyl alcohol) (PVA), have been proposed. These eco-friendly materials
use water as the solvent and regenerate and recyclable eggshell membranes to suppress
dendritic lithium growth.

5.2. Sodium Batteries

Electrolytes for Na-based batteries include carbon-based, ionic liquid, and SSE. Similar
to electrolytes for Li-based batteries, liquid electrolytes in Na-based batteries join a Na-
based salt, such as NaTFSI, NaClO4, NaBOB, NaPF,, NaBF,, NaFSI, NaFTFSI, NaOTf,
and NaDFOB Table 16, and a non-aqueous carbonate-ester-based (DMC, DEC, PC, EC
and ECM) or ether-based (TEGDME, DEGDME, and DME) solvent Table 15. Carbonate
solvents have been used mainly due to their higher electrochemical stability. However,
these carbonates decompose at Na metal electrodes, reducing the Coulombic efficiency.
Therefore, these solvents are mixed, creating a binary (e.g., EC:DEC, EC:PC, and EC:DMC)
solvent, or using an additive (e.g., fluoroethylene carbonate (FEC)) [421]. For example, a
multifunctional electrolyte incorporating 2 M NaTFSI in PC:FEC (1:1) has been explored
to manufacture room temperature Na-S batteries. FEC and high salt concentration reduce
Na polysulfides’ solubility and create a robust SEI on the Na anode upon cycling [422].
On the other hand, ether-based solvents have enabled the Na* co-intercalation in graphite
electrodes and the development of a stable SEI [409]. In addition, ether-based electrolytes
could improve the reversibility of the Na metal in the stripping/deposition process, helping
non dendritic growth.



Batteries 2022, 8, 105

47 of 70

Ionic liquid electrolytes consist of organic ions that allow unlimited structural variation
and tune the properties, and they are focused on imidazolium, and pyrrolidinium [409].

Another alternative explored is aqueous electrolytes since they have a low cost, ele-
vated safety, and are environmentally friendly [409]. The main obstacle to using water as a
solvent is its electrochemical decomposition which hinders the selection of the electrode
materials for practical applications, and also requires the elimination of residual O, in the
electrolyte, protecting electrode stability, inhibiting H;O" co-intercalation into the electrode,
and keeping efficient internal consumption of O, and H, produced at the cathode and
anode sides.

SSEs researched for Na-based batteries have focused on polymer electrolytes, which
can be categorized as dry polymers and gel polymers. The dry polymers which have
been studied are poly (ethylene) oxide (PEO), poly(vinyl pyrrolidone) (PVP), polyvinyl
chloride (PVC), poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN), and polycarbonates.
The main challenge of dry polymers is the low ionic conductivity at room temperature.
On the other hand, gel polymers integrate a polymer and a liquid component that serves
as a plasticizer, resulting in a material with properties between liquid and dry polymer
electrolytes, such as ion conductivity in the range of 1073 Scm ™. Polymers explored for
gel polymer electrolytes include PEO, PAN, perfluorinated sulfonic membranes (NAFION
type), poly(methyl methacrylate) (PMMA), and polyvinylidene fluoride (PVDEF) [409] .

5.3. Potassium Batteries

Electrolytes for K-based batteries face a low ionic conductivity due to the poor inter-
action between K-ions and solvents that lead to an insufficient solubility of K-salts. The
K-salts that have been researched include: potassium bis-(fluorosulfonyl)imide KFTFSI,
KCIO,, potassium hexafluorophosphate KPF,, KBF,, KFSI, and KCF;50;. KPF, and KFSI
have shown sufficient solubility (0.5 mol L~ ! to 1.0mol L~!) in solvents such as EC, DEC,
PC, and DME. Currently, there continues to be an inefficiency of systematic study on
nonaqueous KIB electrolytes [410].

Similar to Li- and Na-based batteries, liquid electrolytes researched in K-based batter-
ies include ester- and ether-based electrolytes. Ester-based electrolytes (e.g., in acetonitrile
(AN), EC and DMC) have shown higher ionic conductivity for K than for Li* and Na™ ions,
but they have little applicability due to the low solubility of salts such as KPF¢ (~0.8 M) [423].
Efforts to adjust transport properties of KPFg are directed at the low percentage of ion-pair
formation, its hydrodynamic radius in the solvated state, the shape of the anion, and the
KPF; low viscosity in EC/DMC and AN.

Another challenge that should be addressed is the dissolution and shuttle reactions
of the redox intermediates. One explored strategy to mitigate this effect is to increase
the concentration of salt. For example, increasing the concentration of KTFSI to 5M in
DEGDME (<1.5M in conventional ether-based electrolytes) suppresses the dissolution
and shuttle reactions of K,S, intermediates, and enables a full operation of K-S battery
chemistry in a voltage range of 1.2V to 3.0 V [289]. More research needs to be performed to
improve the stability and cycle life.

SSE research on K-based batteries includes mostly polymer materials. For example, a
poly (methyl methacrylate) (PMMA) polymer-gel infiltrated with KPF, in EC/DEC/FEC
has been explored [405], showing an ion conductivity similar to that of liquid electrolytes
(4.3 x 1073Scm 1), and preventing the growth of potassium dendrites due to cross-linked
PMMA architecture produces adjustable pore sizes to form stable solid-electrolyte inter-
phases. Another polymer studied is the gel-polymer poly (ethylene oxide) (PEO), which is
also able to work with different alkali ions (Li*, Na*, K*. As a result of integrating the tailor-
made star polymers in a functional PEO matrix, an ion conductivity of 9.84 x 10~#Scm ™!
at 353.15K to K" was achieved [416]. Finally, a potassium ferrite phase, K,Fe,O; was
synthesized under hydrothermal conditions, and it exhibited an ionic conductivity of
5 x 1072Sem ! and an electrical conductivity of 3.2 x 1072Scem ™1,
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5.4. Zinc Batteries

Electrolytes for Zn-based batteries are based on Zn salts, such as Zn(TFSI),, Zn(ClOy),,
Zn(CF35053),, and ZnSQO,, dissolved in an aqueous or non-aqueous solvent.

Aqueous electrolytes have been widely studied in rechargeable Zn-based batteries for
large-scale energy storage applications since they are very safe, cheap, environmentally
friendly, and have a higher ionic conductivity. The use of aqueous solvents results in a short
cycle life in the batteries due to side reactions with the Zn electrode (corrosion, hydrogen
evolution, passivation, and Zn dendrite growth), limiting their use in practical applications.
The main strategy explored to optimize the electrolyte performance has been to include
electrolyte additives [424—427]. For example, PEG has been studied as an additive in
gel electrolytes since it suppresses the corrosion on Zn surfaces and promotes the (002)
crystallographic orientation of Zn, reducing Zn dendrite growth and improving the cycle
life [424]. The influence of the different amounts of PEG-200 has also been studied, showing
that 20(v)% PEG-200 improves battery cycle life from 10 cycles to up to 100 cycles [425],
and it reduces the corrosion current density by ~37 % and increases the capacity retention
by ~12 % when compared with a reference battery [424]. Another alternative that has been
explored is the use of graphene oxide (GO) as an additive in ZnSO, electrolyte to achieve a
uniformly distributed electric field with reduced nucleation overpotential [426]. The results
showed that the uniform electric field generated by GO’s increased the battery’s cycle life
(650h) compared to a reference battery without GO (96 h). An additional additive studied
is diethyl ether (Et,0) and ethylene glycol (EG), which is able to work at low temperatures
(263.15K to 273.15K) [427]. Et,O possess highly polarized molecules that are absorbed
by Zn foils” protuberance, assuring a homogeneous Zn deposition and suppressing Zn
dendrite growth. EG works as an anti-freezing agent by interacting with H,O molecules via
hydrogen bonds, obstructing the ice crystals formation and decreasing the freezing point.
The challenge of using additives has been to find the optimal amount of additives to reduce
dendrite growth and anode self-corrosion but still maintain electrolyte performance.

Non-aqueous solvents have been explored as an alternative to address the challenges
of using aqueous solvents. For example, the Zn(ClOy,), acetonitrile (AN) electrolyte was
tested in a battery and showed a high reversibility of the metal deposition with a discharge
capacity of 55.6 mA hg~! at 0.2 C and high Coulombic efficiency (99.9 %) [428]. AN has also
been tested with Zn(TFSI), and has exhibited a good ionic conductivity (28 x 1073Sem™1)
without Zn dendrite growth that induces cycling stability (~1000 h) and high Coulombic
efficiency (>99 %) [429].

The use of liquid electrolytes requires incorporating a separator membrane. Most of
the studies on Zn-based batteries employ filter paper or glass fiber membrane as separators.
An alternative membrane based on thermal-gated poly(N-isopropylacrylamide) (PNIPAM)
has been explored in hydrogel electrolytes [430]. PNIPAM is a porous structure that
can be controlled by temperature to restrict the migration of ions between electrodes
at high temperatures (333.15K) due to the formation of intramolecular hydrogen bonds
shrinking the porous network. The practical application of PNIPAM is still limited by
low-temperature windows, requiring additives to tune the phase transition temperature.

Another separator membrane that has been explored consists of mixed polyacry-
lonitrile (PAN) and lithium polysulfide (Li,S3) to create a cross-linked membrane that
suppresses dendrite growth. PAN allows designing a mechanically robust skeleton, while
Li,S3 enables sulfonyl functional groups to be hygroscopic and cationic selective trans-
port characteristics, ensuring a uniform ionic flux distribution. This separator was tested
in Zn/Zn symmetric cells, exhibiting 350 cycles with efficient dendrite growth suppres-
sion [431].

SSEs for Zn-based batteries are a promising alternative to address the demand for
portable and wearable electronics [172]. Research on SSEs has been focused on integrat-
ing a concentrated salt with a gel polymer [298,432]. For example, a concentrated 3 M
Zn(CF3503), polyacrylamide gel electrolyte has been explored to achieve a durable and
practical Zn battery system [298]. The designed concentrated gel electrolyte has been
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shown to have a high-voltage window, a wide operating temperature, and has been Zn
dendrite-free. This gel electrolyte’s thin film has 1 mm of thickness and can be manually
stretched to as long as a 600% strain. Another concentrated gel polymer studied as an
electrolyte is 21 M LiTFSI + 3M ZnOTf, embedded in a PVA matrix [432]. As a result,
the electrolyte exhibited an ion conductivity of ~2.1 x 1073Scm ™! at room temperature
(293.15K)), increased anode stability and window stability, and achieved thermal stability
operating from 243.15K to 333.15 K without structure modification.

5.5. Calcium Batteries

Liquid electrolytes studied for Ca batteries include common solvents such as 7 -
butyrolactone (BL), AN, tetrahydrofuran (THF), and PC, and salts such as LiAsF¢, LiCIO,,
Ca(ClOy),, Ca(BF,),, TBA(BF,), and TBA(ClO,) [433]. However, the use of these materials
has shown poor reversibility of Ca. The main challenge to develop rechargeable batteries is
the lack of electrolytes for reversible Ca deposition since the reversible Ca electrochemistry
depends on the electrolyte [433,434]. While Li anodes form an SEI in contact with organic
electrolytes that only allow the Li* conducting, the SEI formed on Ca anodes in most
organic electrolytes block the Ca** conducting, thus limiting the Coulombic efficiency of
Ca batteries.

The first reversible Ca deposition was demonstrated in 2016, integrating a Ca(BF,),
salt and ethylene carbonate EC: PC as the solvent at elevated temperatures (348.15K to
373.15K) [50]. In 2019, it was reported that Ca plating/stripping in carbonate solvents
could be reversible at room temperature using EC:PC solvent and Ca(BFy), salt [435]. EC
can form stable and ion-permeable SEI, and the addition of PC creates a stable liquid
solvent with a wide electrochemical stability window. The use of Ca(BF,), salts supports
the formation of stabilizing the ion-permeable SEI

Additional research studied the Ca deposition/stripping behaviors of Ca[B(hfip),],
salts by using different solvents such as THE, DME, and DGM, showing that DGM improved
the reversibility of Ca deposition and stripping of the Ca[B(hfip),], when compared with
THF and DME [434]. DGM as an electrolyte avoids the Ca dendrite growth and the form of
a passivation layer.

In addition, computational analysis helped to engineer electrolytes for Ca batteries.
Solubility and solvation of Ca®* ions have been tested in pure carbonate solvents (EC, VC,
PC, BC, DMC, EMC, and DEC), providing that the EMC and the binary mixture EC/DEC
are the best electrolytes for potential Ca batteries [436].

5.6. Magnesium Batteries

Liquid electrolytes explored for Mg-based batteries integrates Mg salts such as MgTSFI,,
MgCl,, Mg(CBq1Hj5),, Mg(BBu,Ph,),, Mg[B(HFIP),],, and Mg(BH,), Table 16, while sol-
vents are based mainly in non-aqueous liquids. Mg can react with esters; as a consequence,
the Mg analogues of some successful Li salts (e.g., Mg((PF),, and Mg(ClOy),) can not be
applied since they may be reduced [437].

Finding appropriate electrolytes for Mg batteries that permit efficient reversible Mg
reduction and oxidation is still a challenge. Similar to Ca batteries, in Mg batteries the
solvents’ decomposition and the existence of impurities causes a passivating SEI on the Mg
anode that blocks Mg,, ions [343]. Therefore, the electrolyte solution must be stable with
Mg and not be reduced by it, such as ether-based electrolytes (glymes and THF) [195].

Others Mg electrolytes researched are organoborate-based materials. Boron-based
electrolytes have been shown to have a functional reaction with highly reversible magne-
sium deposition/dissolution. Moreover, these electrolytes could be integrated with sulfur
cathodes [195]. Other electrolytes include: Borohydride-Based Mg(BH,), in DME or THF,
Mg-hexamethyldisilazane (Mg—HMDS) in THF, Mg aluminate chloride complex solutions
(MgCl, and AICly) in THF, and Mg(TFSI), in DME.

An alternative studied to conventional electrolytes is a dual layer of liquid and polymer
electrolytes [438]. Polymer electrolytes integrate PVDF, TEGDME, and Mg(O3SCFj),,



Batteries 2022, 8, 105

50 of 70

showing an Mg-ion conductivity up to 4.62 x 107#Sem~! at 328.15K. The use of solid
Polymer electrolytes may reduce unwanted chemical reactions with the Mg anode. The
PVDF film possesses a microsphere morphology, and the microsphere radius is reduced by
adding TEGDME. In addition, the use of salt changes the PVDF morphological structure
and increases the number of pores, promoting the diffusion of Mg.

5.7. Aluminum Batteries

The challenge in Al-based batteries is developing electrolytes free from Cl to avoid
corrosion of battery components and to be capable of fast cationic Al*> transport [47]. An
alternative explored is ionic liquid electrolytes, which have shown to have wide electro-
chemical potential windows but high viscosities that limit the fast migration of ions in the
electrolyte and inhibit performance. The most common ionic liquid electrolytes include
the mixtures of 1- ethyl-3-methylimidazolium chloride (EMIC) or 1-butyl-3- methylimida-
zolium chloride (BMIC) with AICl;. Another alternative explored is the use of urea with
AlCl; as electrolyte [439]. This test showed a capacity of 73mAhg~! at a current density
of 100mA g~! with an efficiency of ~100 % after 180 cycles. However, the battery stability
required ~5 to 10 cycles to achieve a stable capacity, changing the Coulombic efficiency
from ~90 % in the first cycle to ~100 % in the 10th cycle.

Another alternative explored for rechargeable aqueous Al batteries was to use
Al(OTF);—H,O as an electrolyte [440]. This battery has promising applications due to
the high safety of aqueous electrolytes, which facilitates cell assembly and reduces material
costs. It was demonstrated that this battery allows reversible ex/insertion of AI** in an
aqueous electrolyte and achieves the trivalent reaction at a high redox potential. The AI**
contribution in capacity was identified by using the aqueous HOTF electrolyte, while
the ionic liquid AICl;/[BMIM]CI was used as a comparison to expose the effect of the
aqueous electrolyte on electrochemical performance. In this case, the aqueous electrolyte
was essential for enhancing kinetics and keeping the cycle life with an AL, MnO,-nH,O
cathode and an Al anode when compared with other electrolytes.

6. Applications of Batteries

In this section, we focus on two major battery applications: smartphones and electric
vehicles. These applications have specific battery requirements that have been addressed
by research and commercial sectors. In the research field, developments have focused
on solving technical challenges such as dendrite growth and side reactions to improve
performance metrics of each single battery part, including capacity, voltage, Coulombic
efficiency, retention capacity, and the number of cycles. In the commercial field, batteries
require a high energy density and capacity, long cycle life, fast charging time, high safety,
and environmental sustainability. In the next paragraphs, we discuss these two applications
which do not have the most efficient batteries but are driven by an existing market that
naturally evolves.

Smartphones are among the most widely used consumer electronics products, reach-
ing 323 million units shipped in the second quarter of 2021 [441] and a sales forecast of
1535 billion units [442]. Today, smartphones are not only used as a communication device,
but also include other features, such as the ability to connect to the web and other multime-
dia features. Standard smartphones contain a battery that offers a capacity ranging from
2000 mA h to 5000 mA h, allowing ~8h of continuous operation, which means that users
are generally required to charge the battery twice per day. This time-consuming activity of
constantly charging your phone is something that users have had to accept. To satisfy the
need of the charging and discharging cycles required by these new functionalities, batteries
with larger capacities are needed [1].

Electric vehicles (EVs) have recently achieved widespread notice due to progress in
electrochemical energy storage technology (~250Whkg™!) and cost reduction
(~$ 100/kWh) [3]. The first trimester of 2021 saw an increase of ~140 % in the global
electric vehicle sales from 2020 [443]. The increasing EV sales are also being driven by sup-



Batteries 2022, 8, 105

51 of 70

portive regulatory policies and additional incentives. Therefore, it is necessary to improve
the quality of EV batteries if we wish to increase EV adoption rates. The most important
features of EV include long-range transport (>186 km), low-cost transport ($ 45/kWh), and
high-utilization transport (fast charging <1h) [444]. Batteries must be able to satisfy all
these areas. To have long-range transport, it is necessary to manufacture batteries with
energy densities of ~500 Whkg~!. To reduce the cost, abundant materials need to be used.
Finally, to achieve high utilization, batteries must be capable of charging quickly in 1 h
or under. Tesla, for example, has been able to address these demands of EVs, reporting a
range of 650 km on a single charge and 320 km after a 15 min fast charge [445].

For these advanced applications that require high energy efficiency batteries (see
Figure 13), a joint effort between the commercial and research sectors is needed, not only for
developing more efficient materials and manufacturing techniques, but also for establishing
standards to ensure battery quality and proper performance in commercial products.

Figure 13. Current and future battery applications in daily life, including health monitoring, commu-
nication, transportation, entertainment, working, lighting, cleaning, and so on. Graph constructed by
the authors.

Currently, international efforts around the world connect academia and industry to
face the challenge of a transition from research to commercial applications, including the
development of cost-effective large-scale manufacturing. Two macro projects sponsored by
the EU are mentioned here: “CObalt-free Batteries for FutuRe Automotive Applications”
(COBRA) [446] and “ERA-NET for research and innovation in materials and battery tech-
nologies, supporting the European Green Deal” (M-ERA.NET3) [447]. COBRA explores
using cobalt-free materials for manufacturing a battery with superior energy density, low
cost, increased cycles, and reduced critical materials. The project integrates the research
(3 universities) and the industrial (4 SMEs and 5 enterprises) fields to ensure an easier
adaptation to production lines and the ability to scale up to meet the demands of higher
market adoption. M-ERA .NET3 coordinates the efforts of several participating EU Member
States in materials research and innovation for future batteries by addressing emerging
technologies and related applications areas, such as surfaces, coatings, composites, additive
manufacturing, or integrated materials modeling.

We also would like to call attention to the standards that commercial products should
fit, and batteries are not an exception. Standards focused on device operability and com-
patibility have been the target of the International Electrotechnical Commission (IEC),
the American National Standards Institute (ANSI), the International Standards Organi-
zation (ISO), and the Institute of Electrical and Electronics Engineers (IEEE) [448,449].
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These are standards for conventional batteries, and more effort is needed to develop novel
battery technologies.

7. Conclusions and Outlook

In this review, we discussed the spectrum of possibilities for anodes, cathodes, elec-
trolytes, and separators, classified into seven types according to the working ions: Li*, Na®,
K*, Zn?*, Ca%", Mg2+, and AI%*. These families allow a material selection understanding of
how the working ion affects the material performance: voltage, current density, capacity,
and capacity retention. We also presented the advantages and disadvantages of different
materials, and which strategies have been studied to enhance their performance.

We examined metal anodes with high capacity. The use of metal anodes is still limited
in its practical application due to dendrite growth and because side reactions limit a
stable and long cycle life. The two main strategies explored to address some of the issues
related to the use of metal anodes are (1) designing structured anodes, and (2) developing
novel materials (Figure 14). The first strategy is focused on 1D, 2D, and 3D structures
by adding binders or controlling the manufacturing techniques. The second is based on
alternative materials that can successfully operate with the corresponding ion carrier. These
materials can be classified according to their operation mechanism as alloys, intercalation,
or conversion [73].

Cathodes discussed in this review have been studied in the frame of their operational
mechanisms: intercalation and conversion. Intercalation cathodes offer good stability but
low capacity, while conversion achieves higher capacity, but the side reactions limit their
cycle life. The traditional intercalation materials are classified into three major classes ac-
cording to their crystal structure: layered, spinel, and olivine structure. The next generation
of cathodes is exploring conversion mechanisms, which are present in metal-sulfur and
metal-oxygen technologies and offer high theoretical energy (Figure 15).

Electrolytes and separators play an important role in the batteries’ performance, as they
ensure a stable and long cycle life. In this review, we studied electrolytes in two classes:
liquid and SSE. Traditional liquid electrolytes consist of a salt dissolved in an organic
solvent. Different levels of performance are achieved depending not only on the kinds
of salt and solvent used, but also on their concentration. Today, there is a large interest
in switching from organic to ionic and aqueous solvents. Ionic solvents can improve
battery performance, and aqueous solvents can reduce battery cost and they are more
environmentally friendly. The wide range of possibilities makes it difficult to have a clear
view of the electrolyte research pathway going forward. Liquid electrolytes have a high ion
conductivity, resulting in faster charging but causing safety concerns. In contrast, SSEs are a
key component to developing FB. SSEs are safe and possess better mechanical and thermal
stability than liquids. Improving the ion conductivity is a crucial factor to manufacture safe
and practical SSE for novel battery requirements.

Battery demand for the seven ion families batteries discussed will come from all the
emerging technologies envisioned by the authors in Figure 13: Internet of Things (Li,
Zn?*, AIPY), reconfigurable wearables (Li*, Zn**, AI*"), sports tattoos (Zn**, AI**), large-
scale energy storage (Na*" K", Mg2+, Ca?"), unmanned aerial vehicle (Li*, K*, Ca?", Mg2+),
metaverse (Li*, Na*, Zn?*,), intelligent virtual assistant ( Ca%*, Mg2+, A**) and pet robotics
(K, Ca®*, Mg?*, AI*"). Since the applications will grow with the human endlessly needs
and creativity, professionals and researchers who are designing and manufacturing novel
materials will have to face the need not only to set up the materials’ technical criteria for
ion batteries, but interconnected criteria that emerge on the sustainability of supply and
demand challenges.

This review is expected to be useful for professionals and researchers who are design-
ing and manufacturing novel materials and need to set up technical criteria for batteries.
Figures 14 and 15 could give an overview of the materials for anodes and cathodes. Al-
though most of them are in the innovation and high expectations stage, exciting new battery



Batteries 2022, 8, 105

53 of 70

developments are just around the corner and will undoubtedly have an impact on the way
we live.
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Figure 14. Graph constructed by the authors from Gartner hype cycle for promising anodes materials
for batteries. Materials are grouped according to the seven battery types: Li, Na, K, Zn, Ca, Mg,
and Al. Each material is organized into a stage according to the estimation of development among
innovation and productivity stage.

A Microporous C/S O Lithium
Confined S, O sodium
@ Potassium
Graphene A .
C"am’},be’ Y Mos2 O zinc
QK2Vs01s nanorod @ Calcium
C0:0:3 © Magnesium

@ Aluminum

KsV(POa)sFs
KosMnO:

Expectations

O
a-MnO:
nanofibers

Innovation Peak of Inflated Trough of Plateau of
Trigger Expectations Disillusionment Slope of Enlighenment productivity

Time =

Figure 15. Graph constructed by the authors from Gartner hype cycle for promising cathode materials
for batteries. Materials are grouped according to the seven battery types: Li, Na, K, Zn, Ca, Mg,
and Al. Each material is organized into a stage according to the estimation of development among
innovation and productivity stages.

In our society with 222 years of battery dependency, we cannot imagine the evolution
of technology without a power cell. With the proliferation of home appliances, IoT devices
acquiring massive amounts of data, artificial intelligence algorithms running on embedded
systems, and many applications with many devices, the energy demand appears to prolifer-
ate with human technological creativity. However, it seems that nature sets an upper limit;
resources are not unlimited. Therefore, we cannot only focus on optimizing battery metrics
but also on the sustainability of materials and the availability of exploration sites. Batteries
must explore three fronts: material flow analysis (MFA), life cycle assessment (LCA), and
battery quantity reduction (RA). In addition, we must start training our disruptive thinking
to go beyond the dependence on batteries and integrate a new self-powered option that
will optimize the dimensions and resources of the systems. This is the tug-of-war in which
we find ourselves as a society. On the one hand, the need to remotely and permanently
power billions of devices with high current densities and long life cycles. On the other
hand, the enormous pressure in the exploitation of increasingly scarce minerals leads us to
the need to be very disruptive in selecting materials for the following battery technologies.
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