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Abstract: Development of reliable energy storage technologies is the key for the consistent energy
supply based on alternate energy sources. Among energy storage systems, the electrochemical storage
devices are the most robust. Consistent energy storage systems such as lithium ion (Li ion) based
energy storage has become an ultimate system utilized for both domestic and industrial scales due to
its advantages over the other energy storage systems. Considering the factors related to Li ion-based
energy storage system, in the present review, we discuss various electrode fabrication techniques
including electrodeposition, chemical vapor deposition (CVD), stereolithography, pressing, roll to roll,
dip coating, doctor blade, drop casting, nanorod growing, brush coating, stamping, inkjet printing
(IJP), fused deposition modelling (FDM) and direct ink writing (DIW). Additionally, we analyze the
statistics of publications on these fabrication techniques and outline challenges and future prospects
for the Li ion battery market.
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1. Introduction

The management of energy resources is a substantial concern for our civilization.
To better satisfy the existing energy demand, one needs to have information about en-
ergy sources in terms of their quality, availability and environmental effects. Moreover,
due to adverse climatic conditions, attention has moved towards the consumption of en-
ergy resources in terms of economics and sustainability. Thus, optimal energy resource
management has become vital among energy planners and policy makers.

Fossil fuels, especially coal, oil and gases are the primary source of energy, providing
~85% of the primary energy supply. Industrialization, urbanization, increasing population
and economic progression cause a huge increase in energy demand. According to the
World Energy Outlook, in 2021, the annual energy consumption was 580 million joules, and
it is expect to reach around 850 million joules by the end of 2050 [1]. While most countries
are equipped with specific energy resources, they try to export some energy resources and
import some in order to develop and improve their overall economy. Therefore, the trade
gap between energy exports and imports remains in equilibrium. According to International
Energy Agency (IEA) statistics during in 2020, China, the USA, India, Russia and Japan
were the top five leading energy producer countries [1]. In accordance with the energy
production, the final energy consumption follows in such a manner that the biggest share of
~37.0% is accounted for oil and petroleum products, followed by the electricity sector and
natural gas consumption of ~22.8% and ~21.3%, respectively. However, the contribution of
solid fossil fuels was only 2.1%. In 2019, the three most dominating sectors in the European
Union were transport (~30.9%), households (~26.3%) and industry (~25.6%) [2]. Electricity
is an expeditious, growing energy resource. In the next 25 years, it will progress more than
other energy resources. Forecasting energy demand can influence overall revenue and cost

Batteries 2023, 9, 184. https:/ /doi.org/10.3390/batteries9030184 https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9030184
https://doi.org/10.3390/batteries9030184
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-3406-3977
https://doi.org/10.3390/batteries9030184
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9030184?type=check_update&version=1

Batteries 2023, 9, 184

2 0f23

for distribution operators as well as for energy producers in terms of sustainability and
profitability. This attracts power sectors to invest in energy storage for different application
perspectives. Worldwide, the top and rapidly growing electricity exporters are Sweden
(~93.2%), South Africa (~52.1%), Slovenia (~47.2%) and Austria (~43.7%). Similarly, other
countries have also increased their investments in the new energy development sector [3].
Moreover, the top five countries for electricity import are USA (~10.1%), Italy (~5.9%),
Germany (~5.7%), Brazil (~4.7) and Switzerland (3.9%) [4]. The average electricity import
for 2019 based on 133 countries was 4.45 billion kWh. The largest import was reported in the
USA and the smallest import was reported for Angola [4]. These data for electricity import
and export indicate the need to consider energy management to improve the economy for
any country.

The massive consumption of conventional fuel, in addition to growing energy demands,
is responsible for energy crises. Moreover, rising energy demand ultimately leads to envi-
ronmental changes, including global warming, contamination of air, soil and water [5-7]. To
avoid this trend, we need to focus on sustainable or low-carbon energy resources such as
solar, tidal, wind, wave, nuclear and energy storage, in the upcoming time. Although the
world is moving towards renewable energy resources, they also have some drawbacks, such
as irregular production. Therefore, they cannot be applicable for continuous usage. Thus,
we need energy resources that can provide regular supply for commercial and household
consumption. In addition, energy storage is one of the crucial requirements to fulfill the future
energy demand due to limited source of nonrenewable energy. Energy storage devices are
the back up for the electricity supply, as around >50 Megawatt (MW) is required to handle
day-to-day inconsistent power demands. In addition to this, energy storage has the advantage
of coping with the discontinuous supply from renewable resources since they produce a large
amount of energy that smaller grids cannot accommodate. Expanding research concerning
high power storage, as well as high energy density systems, is the only way to fulfill this
demand at present.

Electrochemical energy storage (ECES) is a proficient and promising energy storage
systems. ECES plays a crucial role in clean energy technologies. There is strong competition
between various ECES of lithium ion (Li ion), lead acid, sodium based (Na based), nickel
based (Ni based), metal air, magnesium ion (Mg ion) and potassium ion (K ion) batteries.
However, in terms of commercialization and long-term application, Li ion batteries are
currently a majorly used resource among all ECES. In recent years, Mg ion and K ion-
based energy storage have attracted attention as an alternative energy storage. One of
the advantages for Mg ion batteries is that they can achieve 1000 cycles at a high 3C cycle
rate [8]. The performance of K ion batteries can increase due to quick transport of electron
and ions during charge-discharge cycling [9]. Nonetheless, regardless of the development
of various electrode materials, a realistic application of other ECES is currently hindered
due to their low specific capacity, poor performance and low voltage [10]. This is the
case for Na ion batteries, for example, which have low specific capacity and low voltage.
Even though they are comparatively cheap, they do not find much use in commercial
applications as compared to LIB [11]. Thus, a huge effort is still required to replace Li ion
batteries on the commercial scale. The advantages of Li ion-based energy storage system
include higher specific energy, wide potential range, lightweight, cycle life, stability, etc.
The majority of the materials used for Li ion energy storage are comparatively abundant,
making this storage system more economically feasible. Thus, at present, none of the
alternative energy storage systems are capable of competing with Li ion energy storage in
large scale applications [12]. For this reason, we focus on Li ion energy storage systems in
this study.

This review provides a general overview and classification of Li ion energy storage
systems. Advantages, components and charge—discharge reactions, as well as electrolytes,
separators and electrodes for Li ion energy storage, are briefly discussed. We also consider
the techniques used for electrode fabrications, including electrodeposition, chemical vapor
deposition (CVD), lithography, pressing, roll to roll, dip coating, doctor blade, drop casting,
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nanorod growing, brush coating, stamping, inkjet printing (IJP), fused deposition modelling
(FDM) and direct ink writing (DIW). The analysis of fabrication techniques includes the
research articles published between 2003 and 2022. Additionally, we consider the challenges
and prospects of Li ion energy storage technologies.

2. Materials and Methods

Energy storage systems (ESS) can be divided into five different groups [8,9,13,14], as
displayed in Figure 1.
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Figure 1. Classification of energy storage system (ESS) [8,9,13,14].

These include mechanical energy storage, thermal energy storage, chemical energy
storage, electrochemical and electrical storage system and are based on different forms of
stored energy [6,15].

ESS can be utilized for diverse applications according to time and magnitude scales,
making these systems suitable for individual applications. A storage system must fulfill
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certain standards including quick response time, long/short storage time, energy density,
capacity reserves, portable/stationary, conversion rate, storage cost, environmental impacts,
security, storage time limit and end use, i.e., standby or grid connections [6,16]. A brief
description of each energy storage type is given below.

2.1. Mechanical Energy Storage System (MES)

Mechanical energy storage systems (MES) can easily store energy after transforming
the energy from sources such as tidal, water current and waves. They include pumped
storage, compressed air and flywheel storage technology, which are classified based on
the working principal of forced springs, pressurized gas, potential energy and kinetic
energy [17].

2.2. Thermal Energy Storage System (TES)

Thermal energy storage systems (TES) are suitable for heat or cold storage at specific
temperatures in a certain storage medium [18]. Based on heat parameters, TES can be
categorized into three different types: sensible heat, latent heat and thermal chemical
storage systems.

2.3. Chemical Energy Storage System (CES)

Chemical energy storage systems (CES) involve the storage of chemical energy in
terms of chemical bonds through chemical reactions. CES can be suitable for storing an
enormous amount of energy storage for longer durations. The stored chemical energy can
be released by means of an electron transfer to generate electricity [19]. CES can be grouped
into gas storage, fuel cells (note that a fuel cell can be viewed, not as an energy storage, but
as an energy conversion device) and biofuels based on the type of chemical reactions.

2.4. Electrochemical Energy Storage System (ECES)

Electrochemical energy storage systems (ECES) are batteries that convert chemical
to electrical energy. The systems can be categorized into different types based on their
chemical reaction, design and materials. ECES systems can be divided into flow batteries,
Liion, Na based, lead acid, Ni based, metal air, Mg ion and K ion batteries. In ECES, the
electric current is generated through chemical reactions between the positive electrode and
the negative electrode, separated by an electrolyte. This generated energy is accessible in a
distinctive potential window and for a particular time [20].

2.5. Electrical Energy Storage System (EES)

Electrical energy storage systems (EES) are a capacitor-based energy storage mecha-
nism. They can be grouped into electrolyte, nonelectrolyte and electrochemical, along with
magnetic or current energy storage. Capacitors provide high current for short periods of
time. In EES, metal plates are separated by a dielectric and the plates are charged from a
DC source, providing a direct way to store energy [21].

Here, we focus on electrochemical and electrical energy storage systems such as
batteries and capacitors. These systems have advantages of high energy and power density,
a long cycle life and are a clean energy supply. The operational capacities, in megawatts
(MW), for some of the electrochemical and electrical energy storage systems have been
reported by Sandia National Laboratories and the U.S. Department of Energy (DOE) [22],
as summarized in Table 1. From these data, we can observe that there is a substantial usage
of Li ion energy storage for all sectors. After considering the statistics, for the present study,
we primarily focus on Li ion energy storage systems.
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Table 1. Operational capacity for electrochemical and electrical energy storage systems [22].

Energy Storage System MW Capacity %
Liion 1629 79.44

Na based (NaS and Zebra) 204.315 9.96

Flow batteries 71.87 3.5

Lead Acid 68.173 3.32
Capacitor 30.903 1.52

Ni based 30.385 1.48

Metal Air battery 15.987 0.78

3. Li Ion-Based Energy Storage System

Li ion-based energy storage systems are the most dominating power resource used in
various sectors including electronics, electric vehicles, wireless devices, etc. Compared to
other technologies, this has a number of advantages in terms of energy and power density,
voltage range, cycle life, overall cost and maintenance, along with the weight of device.

Some of the major advantages are illustrated in Figure 2 [23-25].

High voltage
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Figure 2. Advantages of Li ion-based energy storage system [23-25].

Li ion is the key element in Li-based energy storage. During discharge, Li ions
move from the negative electrode (anode) towards the positive electrode (cathode) after
ionization, passing through the electrolyte. At the positive electrode, these Li ions change
their oxidation states. During charging, this process is completely reversible. Micro
permeable separator pores are small enough for Li ions to be able to move through. A

schematic representation of this system is shown in Figure 3.

The components used in the Li ion-based energy storage system include the electrolyte,

separator and electrodes, i.e., positive electrode and negative electrode.
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Figure 3. Schematic illustration of Li ion-based energy storage system.

3.1. Electrolyte

Electrolytes should provide high Li-ion mobility and diffusion rates in the system.
The following lithium ion containing solvents are often used: LiPFq, LiSO4, LiCl, LINO;3,
CH3COOL;, LiTFSI, LiClOy, etc. Earlier electrolytes contained dissolved Li salts in organic
solvents [26]. However, in recent years, the attention shifted towards other electrolytes
that showed high dielectric constant at a wide range of temperatures, such as propylene
glycol [27]. Carbonates including dimethyl carbonate, ethylene carbonate or ethyl methyl
carbonate are also under consideration. These mixtures are stable with respect to positive
electrode surfaces. They also have a wide range of electrochemical stability with high
solvation for Li salts. Most liquid electrolytes, e.g., dimethyl carbonate, ethylene carbonate
or ethyl methyl carbonate and LiPFs used in Li based energy storage are due to their high
conductivity at room temperature [28]. Moreover, ethers based on electrolytes, e.g., tetrahy-
drofuran, polymethoxy ethers, diethyl ether, etc., are alternative substitutes due to their low
viscosity and high ionic conductivity [29]. Additives are another alternative that are used
to avoid dendrite growth. Small concentrations of additive can significantly improve the
property of electrolyte, e.g., 12-crown-4 additive in LiBF, electrolyte, succinimide additive
in LiPF, electrolyte, etc. have positive effects on electrolyte properties. Such combinations
are referred to as functional electrolytes. Based on the application, SEI modification and
overcharging protection additives can be categorized into distinct types [29]. Polymer
based electrolytes are another option due to their advantages over liquid electrolytes in
terms of safety, e.g., polysiloxane, poly(vinylene carbonate) (PVC), Poly(ethylene oxide),
etc. [30]. Even though polymer electrolytes have higher thermal stability, their conductivity
of Liions is comparatively lower. This is due to the low mobility of ions or the high viscosity
of electrolyte.

3.2. Separator

A separator is positioned in between two electrodes (negative and positive) to avoid
their direct contact. Separators should have negligible /low electronic conductivity, high
ionic current, higher stability toward electrolytic chemicals, higher wettability and me-
chanical stability and adequate physical strength to endure assembly procedure. In case of
short-circuit in energy storage device, this separator can break the flow of ions and inhibit
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thermal runway. This can happen due to melting or pore filling of separator that might
lead to instantaneous reactions inside the device. Most separators used in batteries are
microporous polymeric films or nonwoven fabrics for, e.g., celgard and glass fiber [31].
More details on separators can be found in the review by Arora and Zhang [31].

3.3. Electrodes

Electrodes play an important role in electricity generation via chemical reactions. A
positive electrode is crucial to determine battery characteristics in terms of their capacities
and potential differences. The negative electrode plays a significant role in terms of electric
current flow through external circuit. A high capacity and long cycle life of the negative
electrode contribute to the high energy density in Li ion batteries [32]. Common positive
electrode materials for Li based energy storage are LCO, LMO, LFP, LTO, etc., and negative
electrode materials are TiO,, carbon, graphite, Si, Sn, etc. The reaction occurring during the
charging and discharging processes are specified below [33]:

Positive electrode: LiXXO, <+ Li;_,XXO5 + nLi* + ne™

Negative electrode: C + nLi* + ne™ <> LiyC

During charging, Li ions are stored in the negative electrode; during discharging, Li
ions flow back to the positive electrode and pass through the electrolyte. In the reaction
of charging—discharging, the electrons generated from Li ions result in current that can be
utilized in DC applications.

Even though there are several works already published on Li ion-based energy storage,
only a few analyzed the fabrication technologies of the electrodes. In the present study, we
narrowed our focus down to Li ion-based energy storage systems in terms of the different
electrode fabrication techniques.

Based on the literature, the majority of standard electrode fabrication techniques for Li
energy storage are discussed in the next section. Unfortunately, a complete comparison
by considering all the properties is often challenging; in some cases, the data provided
in the literature on different electrode systems, i.e., single electrode; half-cell; complete
cell, contain no complete descriptions of the procedure/materials. Inconsistencies in data
hinder the comparison of different sources. This review pinpoints a useful depiction of the
techniques used for electrode fabrication in Li ion-based energy storage.

4. Electrode Fabrication Techniques for Li Ion-Based Energy Storage System

Electrode fabrication techniques are schemes that involve the production of controlled
material deposition as a single or multiple layers or films. Among these, a few techniques
have been used for 2D and 3D fabrication through a specific nozzle design and heat input
system that result in defined material deposition. These fabrication techniques play a
significant role for the cost, sustainability, time and near-net shape production in different
patterns for both small and large scales. The proper choice of fabrication technology
ultimately provides a more economical route for the energy storage system. Therefore,
fabrication techniques for better production technology need to be investigated. Figure 4
shows several fabrication techniques and their principles for Li ion-based energy storage
that are reported in the literature. There are already many deposition techniques reported
in the literature; however, it is difficult to find distinctive methods for their classification.
Every technique has qualities contain both advantageous and disadvantages features. The
selection of favorable techniques is usually based on individual application and resource
availability. In many cases, the combination of two or more techniques can be applied
in material deposition. In addition, the reformation or controlling of the film properties
are likely to be based on the deposition technique selection; this means that two different
processes cannot produce materials with the same properties. The same material, but
used in different applications, might be produced by different deposition techniques. The



Batteries 2023, 9, 184

8 of 23

Dip
coating

deposition technology is determined by the factors involving materials behavior, substrate
property, application area, safety, overall cost, stability, manufacturing factor, material,
equipment availability, etc. [34]. In this section, we discuss the following technologies:
chemical vapor deposition (CVD), lithography, pressing, roll to roll, dip coating, doctor
blade, drop casting, nanorod growing, brush coating, stamping, inkjet printing (IJP), fused
deposition modelling (FDM) and direct ink writing (DIW).
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Figure 4. Electrode fabrication techniques for Li ion-based energy storage system.

4.1. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a deposition procedure that produces high quality
thin films in vacuum. CVD is based on the chemical interaction between a precursor and
a gas mixture, resulting in the coating of a desired material on a substrate. The control
over the interfacial reaction between the substrate and coating as well as between the
gaseous product and the substrate is an important factor to consider during the material
deposition [34]. The CVD technique is used for various applications such as conductors,
conductive oxides, passivation layers, etc. In the CVD technique, the following chemical
reaction takes place:

Gaseous precursor (g) — Solid product (s) + Gaseous product (g)

The solid product, in the form of thin films, obtained from the process can be used
directly in applications. This technique is feasible for material deposition on larger areas.
CVD is one of the techniques used for the electrode fabrication for Li ion energy storage, as
shown in Figure 4. Ren et al. [35] used CVD technique for the deposition of multiwalled
carbon nanotubes (MWCNT) array, with a thickness of 18 nm, used as one of the electrodes
in a Li ion storage system.
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4.2. Doctor Blade (Inpe Casting)

The doctor blade technique, also referred to as tape casting, is a method used for
thin film production for larger surface areas. Originally, this method was developed in
1940 for piezoelectric materials/capacitors thin sheets [36]. The doctor blade technique is
based on the principle in which a uniform /homogeneous slurry made of active material,
binder and dispersant is spread onto a substrate and dried at a certain temperature to
form a uniform film. The doctor blade technique is suitable for coatings with thicknesses
ranging from twenty to several hundred-microns. It is a cost-effective process. One of
the major drawbacks of the doctor blade technique is the wastage of large amounts of
material; for example, ~5% of the solution is lost during the process—the optimization of
parameters is crucial for the technique [37]. This process is much slower when compared
to other techniques, and it takes a longer time to dry the produced films. The doctor blade
technique is one of the techniques that is used for electrode fabrication in Li ion energy
storage system, as shown in Figure 4. Liu et al. [38] used the doctor blade technique for
deposition of a MnO-C, carbon black and poly-vinyl difluoride (80:10:10 ratio) mixture on a
Cu foil substrate. After heat treatment, they used the prepared film as one of the electrodes
electrochemical studies.

4.3. Drop Casting

In the drop casting technique, a drop of suspension ink containing active material
particles with binder and solvent is dropped onto the surface of the electrode. After drop
casting, the electrode should dry completely before application. Small amounts of active
material are required, but this technique has limitations for larger surfaces and eventually,
industrial production [39]. However, drop casting is an electrode fabrication technique
used for small-scale production, as shown in Figure 4. Senthilkumar et al. [40] prepared
activated carbon (AC) electrode and bismuth oxide (BiyO3) electrode via the drop casting
method. They prepared a slurry by mixing AC/Bi;Os, carbon black and polyvinylidene
fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP). This slurry was drop casted
onto a stainless-steel substrate and dried overnight. The prepared electrode was then used
in Li ion storage device.

4.4. Nano Rod Growing

Chemical synthesis by using shape control ligands or different combination of pre-
cursors can result in nano rod growth. The synthetic process requires control of both
kinetic and thermodynamic parameters [41]. Nano rods are ideal for several applications,
including energy storage, due to their anisotropic shape. The increase in surface plasmon
leads to enhanced electric field in nano rods as compared to that of spherical particles.
A slight deviation from kinetic and thermodynamically optimized conditions can cause
huge variations of the final product. This is a technique used for electrode fabrication in
Li ion energy storage, shown in Figure 4. Deng et al. [42] used this approach to produce
niobium oxide as the electrode in Li ion energy storage. They immersed the carbon cloth
in a precursor of niobium for 24 h and then annealed it at 400 °C for 1 h. After that, the
carbon cloth was placed in a Teflon reactor containing a mixed solution of hydrochloride
acid and ethanol. The reactor was sealed with an autoclave and heated to 200 °C for 24 h.
After the completion of this solvothermal process, a nanorod was formed on the carbon
cloth. This was used as the electrode in Li ion energy storage.

4.5. Brush Coating

Brush coating is a low cost, simple fabrication technique used for both nano and micro
sized 1D materials. It utilizes a shear force. During shearing, one challenge is nano-film
morphology control. The withdrawal rate and temperature need to be controlled [43].
Brush coating is the simplest technique used for electrode fabrication in Li ion energy
devices. The working principle is shown in Figure 4. Hao et al. [44] implemented the brush
coating to prepare lithium manganese oxide (Li;Mn4Oy) electrodes via deposition of a
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mixed slurry of the active material (75 wt%), acetylene black (20 wt%) and polyvinylidene
fluoride (5 wt%) in NMP solvent. The slurry was deposited on stainless steel substrate to
form a film for the Li ion storage system.

4.6. Roll to Roll (RTR)

The roll to roll (RTR) technique is a cost-effective process. RTR deposition involves
gravure or offset printing and flexography, or a combination of the processes. This technique
is suitable for water-based materials and processing of short time deposition on a flexible
substrate. After deposition of films, the substrate is unwound from the roll. Further
treatments, including drying, heating, curing and deposition of another layer, can be
done [37,45]. The RTR technique has the high rate of production, and its manufacturing
cost can be reduced by automatic fabrication towards larger quantities. Although the
capital cost for setting up the instrument is comparatively higher, this cost can be recovered
by cost-effective production on a larger scale [46]. RTR is useful for larger scale production
of electrodes in Li ion energy storage, as shown in Figure 4. Ping et al. [47] used the RTR
technique for deposition of electrode film prepared from a slurry of mesocarbon microbeads
(MCMB) mixed with polyvinylidene fluoride binder in NMP. After deposition of the slurry
onto a Cu foil, heat treatment was performed at 80 °C. This film was further used as an
electrode in the Li ion energy storage system.

4.7. Dip Coating

The dip coating method was first reported in a seminal work by Schott in 1940 [48].
From the 1950s onwards, this method was applied in automotive production of rear mirrors.
The principle of the dip coating method comprises the immersion of the substrate in a
solution containing active material; subsequently, the substrate is withdrawn. The film
formed after drying and curing can be used for further applications. This simple and cost-
effective coating technique permits the deposition of different oxide and hybrid materials
on larger areas as well as on substrates of complex shapes. Major drawbacks of the dip
coating technique are the slow rate and possibility of blocking that influences the eventual
outcomes. Dip coating is amongst the techniques used for electrode fabrication in Li ion
energy storage, as shown in Figure 4. Zhou et al. [49] synthesized graphene oxide (GO) by
Hummer’s method. Later, they dispersed GO in distilled water via ultra-sonication to the
prepared suspension. They used the dip coating method to deposit the suspension on the
carbon cloth. This was applied as an electrode in the Li ion energy storage system.

4.8. Electrodeposition

Electrodeposition is a flexible technique for 2D and 3D material coating. This method
is also known as electroplating, and it was developed for alloys and metal coating. These
days, electrodeposition covers the deposition of alloys, metals, polymers and semicon-
ductor materials with respect to various dimensions and sizes [50]. Based on a reaction
mechanism, the electrodeposition of electrodes for energy storage can be divided into
cathode electrodeposition and anode electrodeposition. Electrodeposition is a process in
which the controlled deposition of a material takes place on a conducting substrate via an
electric current flow through an ion containing solution. This process involves a phase
change and electron transfer [51]. The major drawback of this technique is a problematic
disposal of waste products, a long time required to create a thick layer, as well as a high
equipment cost. Electrodeposition can play a significant role for thin film deposition that
can be used for energy storage system. Jin et al. [52] performed anodic electrodeposition
to fabricate a manganese oxide film on a carbon fiber substrate. The electrodeposition
was carried out at 1.0 V in a precursor solution of manganese acetate. Thus, deposited
manganese oxide film was utilized as an electrode in a Li ion energy storage system.
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4.9. Coating, Pressing, and Stamping

Coating, pressing and stamping are low cost, concise methods typically used for micro-
energy storage systems. Stamping can directly provide desired electrodes by transferring
active material of a required pattern. We notice that stamp molds are not easy to handle,
and elimination of uncured parts can ultimately damage the electrode. In this method, to
assure that ink is transmitted to the substrate, the adhesion between the substrate and ink
should be stronger than that between the mold and the ink [53]. These are ones of the most
basic and simple techniques, compared to other methods used for electrode fabrication of
Li ion energy storage (Figure 4). Babu et al. [54] prepared lithium titanium oxide by mixing
the active material, acetylene black and polyvinylidene fluoride binder (80:10:10 ratio) in
NMP. They used this slurry for coating on a stainless-steel substrate. This film was further
used as an electrode in a Li ion energy storage system.

4.10. Inkjet Printing (IJP)

Inkjet Printing (IJP) is a material deposition technique used for 2D material printing.
IJP can produce high-resolution patterns due to its tremendous printing proficiency for
multi materials. Polymer jetting and binder jetting are the two different inkjet deposition
techniques. Photosensitive polymers deposited through polymer jetting and are later
cured by light. However, the binders ejected on top of a powder bed in binder jetting
technique form a cross section referred to as 3DP. The limitations of inkjet printing come
from parameter optimization, specific printed patterns and droplet formation. Frequent
challenges of IJP technique are clogging of the nozzle, wetting property, homogeneity
and size of the film [55]. The IJP technique was used for electrode fabrication due to its
controllable thin film producing capacity. Sundriyal et al. [56] used the IJP technique to print
electrode materials and conducting layers on a substrate such as commercial paper. After
optimizing properties for suspension of AC, GO, MnO,, and GO-MnQO;, these suspensions
were deposited through the IJP technique and used as an electrode for a Li ion energy
storage system.

4.11. Direct Ink Writing (DIW)

Direct ink writing (DIW) is an additive manufacturing method for the direct extrusion
of slurry-based inks for 3D printed batteries. The technology is also referred to as robocast-
ing; the material paste gets extruded via small nozzle. The technique was developed to
build a complex structure of ceramic green bodies in 1996. In recent years, DIW has been
used to print battery components including negative electrode, gel electrolyte, positive
electrode and packaging. The electrodes printed by DIW are popular due to their afford-
able manufacturing, ease of operation and flexibility of materials. The printing principle
includes preparation of viscoelastic inks based on gels with a shear thinning property.
The design principle for the printable ink is the most crucial factor for the DIW technique.
Furthermore, ink rheology, printing speed and printing resolution also play a significant
role for the DIW process. Therefore, through the optimization of parameters, resolutions
of up to 1 pm can be reached. One critical problem with this technique that needs to be
solved is the mechanical stability of grown films. Therefore, substantial improvements of
the DIW technique are needed [57]. DIW is used in the fabrication of electrodes for micro
energy storage, as shown in Figure 4. Izumi et al. [58] used DIW to print a cathode from
the mixture of lithium titanium oxide as active material and poly(vinylidene difluoride)
binder in NMP solvent. The fabricated electrode system was used as an electrode in Li ion
energy storage.

4.12. Fused Deposition Modelling (FDM)

In fused deposition modelling (FDM), extrusion of a thermoplastic filament deposits
through a moving heated nozzle on a substrate, where it readily solidifies. Many thermo-
plastic materials typically include poly(lactic acid) (PLA), acrylonitrile butadiene styrene
(ABS), polycarbonate (PC), high-impact polystyrene (HIPS), polyamides (PA) and ther-
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moplastic polyurethane (TPU). These materials can be printed in the resolution range of
50-200 pm [59]. Even though the printing resolution of FDM is low as compared to that
of other 3D printing technologies, FDM became popular due to its speed, cost, dimension
range and lower requirement of post-processing treatment. Flexible and user-friendly
fabrication of the materials via regulation of the printing parameter facilitate the FDM
technique for production of hollow and porous structured objects with superior mechanical
strength [60]. Presently, the printing of multi-material objects with multi-nozzle printing
technology is also possible. For instance, graphene-polymer filaments were printed layer
by layer to fabricate conducting devices [61]. Due to its speed and printing flexibility,
FDM has gained attention for electrode printing that can be used in energy storage sys-
tems. Reyes et al. [62] used the mixture of poly(lactic acid), dissolved in dichloromethane
(DCM), active and conductive materials to produced electrode through extrusion. This
FDM deposited electrode was used in a Li ion energy storage system.

4.13. Stereolithography (SLA)

Stereolithography (SLA or SL) is a 3D printing technologies used for creating objects
in a layer-by-layer route using photochemical processes by means of light. This forms
chemical monomers and oligomers cross-linked together as in polymers [63]. This also
involves post-processing heat or photo curing treatment used for solidifying the monomers
into the required structure. Generally, this technique is used to create porous battery
electrodes because of its high-resolution capacity [64]. Although the surface quality of
the product obtained from SLA has a good quality as compared to other processes, it
has some limitations in the case of multi-material deposition. In recent times, SLA is
used to fabricate polymeric membrane materials and phosphonium polymerized ionic
liquid objects [65]. SLA seems to be an ideal technique for assembly of luminescent solar
concentrators, since luminescent nanomaterials can disperse into methyl methacrylate
resin [66]. Stereolithography is one of the technologies used for electrode fabrication in
energy storage systems (Figure 4). For example, Cohen et al. [67] used lithography to
prepare an electrode on a silicon wafer substrate and utilized this electrode in Li ion energy
storage devices.

Table 2 shows the application of different fabrication technologies for a Li based energy
storage system. This table includes information about fabrication technologies, electrolyte,
solvent and electrodes, separator and working potential ranges, as well as resulting specific
capacity and cycle retention of a particular Li ion energy storage system.

Table 2. Summary and examples of the electrode fabrication technology for Li ion-based energy
storage system.

Cycle

Sr. Tech. Electrodes Electrolyte and Solvent Separator Voltage (V) Capacity Retention (%) Ref.
MWCNT- 1M LiPFg o
1 cvD LTO//MWCNT- in mixture of EC, DEC, - 0-15 Dot BT 10 [35]
LMO and DMC (1:1:1 w/w) : cycle
1 M LiPFg .
MWCNT/ /LTO in EC and DEC (1:1 by Polypropylene 4 5, ; 92% (3000 [68]
membrane cycle)
volume)
1 M LiPFg in mixture of Polypropylene
2 Doctorblade ~ AC//MnO EC, DMC and DEC (I:1:1  film (Celgard ~ 0-4.0 fgg mﬁ/h/ gat 92'310/')’ (3500 [38]
by volume) 2400) mAa/s cyce
) . ) 58F/g 68% (1000
EEG//TiO,@EEG 1 M LiPFg gel based 0-3.0 at0.4A/g cycle) [69]
Whatman
AC//carbon coated . . GF/D glass - 750 mAh/g at 99% (100
«-Fe, O3 1 M LiPFs in PC microfiber 0.6-3.0 013A/g cycle) (701
filter
. . . . Polypropylene . 72% (1000 y
3 Drop casting AC//Biy 03 KI added in 1 M Li;SO4 sheet 0-1.6 995F/g cycle) [40]




Batteries 2023, 9, 184 13 of 23
Table 2. Cont.
. Cycle
Sr. Tech. Electrodes Electrolyte and Solvent Separator Voltage (V) Capacity Retention (%) Ref.
Nanorod 1 M LiPFg in EC and DMC 220mAh/gat  73% (2500 y
4 growing AC//Nb;0s (1:1 by volume) 1-35 1C cycle) (4]
MnO, NW/ /Fe,O3 . . . 91.3F/gat2 84% (5000
NT PVA/LICl gel in DI NKK TF40 0-1.6 mA /em? cycle) [71]
. . . . 54.6F/gat100  80% (1000 "
5 Brush coating Li;MnyOg//AC 1M LiNOj3 in NMP - 0-14 mA/g cycle) [44]
polypropylene
. 1M LiPFg in EC/DEC microporous . 92.9% (100 )
6 RTR AC/LiFePO,//MCMB o8 - 6 cheet(Cad00, | 20-38 2380mAh/g O [47]
Celgard)
AC//Graphite 1M LiPF, in EC/DMC S;;‘Zi;’tgfmus 1545 120 mF o C/i’e()300 [72]
AC//HOG-Li 1M LiPFy in EC/DMC - 20-42 ;f’)'}n‘;“?;‘/ gat f;fczle/) (1000 (73]
1 M LiPF¢ in EC, DMC o
G-LTO//G-SU and DEC with a volume - 0-3.0 ;5 /mAh/ gatl 87/;’ ()500 [74]
ratio (1:1:1 v/v) g cycle
. Filter paper o
7 Dip coating y;%égg@éécc 5M LiNOs/PVA in DI saturated with ~ 0-1.8 (2)7452;/ gat 21‘C11 e/‘)’ (5000 [49]
LiNO;/PVA SR8 4
8 Electro MCNP//FCNP LiCl/PVA gel electrolyte 0-1.8 B 81.2% (10,000 [52]
deposition MnO, in DI ’ cycle) g
Microporous
. . glass fiber
Coating, (RHDPC-H;POy) and 4 1y ipp in ECand DEC  separator 80F/gand 120  92% (2000 ,
9 Pressing and (RHDPC- mixture with 1:1 v/ (Whatman1823- 0-3.0 F/gat2 A/ cycle) [54]
stamping KOH)//LTO : 090 & & Y
UK)
0
Graphene//LTO/C ~ 1MLiPFsinECand DEC ~ Celgard 2500  1.0-3.0 58 F/gat10 65% (1000 [75]
Alg cycle)
Without
ﬁg(l(\)ds@l)ga(?b/ 0/ nT_ 1 M LiPFg in EC and B 1-35 180mAh/gat  significant (76]
o DECmixture with 1:1 v/0 : 0.05A/g fading(1000 >
cycles)
. 1 M LiPFg in Celgard 2400
} ;hﬁrézo4/Graphene EC/DEC/DMC (1:1:1vol  polypropylene  0-2.3 43.7F/gat2C 90'610/; (500 [771
%) membrane cycle
1 1 . 0
AC//LTO/AC l}‘g)Lleﬁ nEC/DECAT  cogard 2400 1.0-25 igg 22/1:5/ gat S; C/i’e(sl)éo 78]
AC//TiO, 1M LiPFf_, in EC/DEC (1:2  Glass fiber 0-32 117 mAh/g 85.47% (400 1791
molar ratio) paper cycles)
N-ACs//Si/C 12MLiPFs in EC/DMC - 245 394’2’?;/ gat Z;j e/) (8000 [80]
g—MOOz/ /G-MoO, 1M LiPF, in DMC Glass-fiber 0-3.0 1732 F/g at 50 91.2% (500 181]
raphene separator mA/g cycle)
10 P GO/ /MnO,/AC PVA/LiCl in DI Gel 20 1.586 F cm~2 f;.célz/g)(%oo [56]
0y
Ni//MnO, CH,COOLi/PVAinDI - 0-08 529 mF cm 2 Z;ﬁ o [82]
153 mAhg!
LTO//LTO - - 1.0-2.0 at10.4 nA 300 cycles [83]
-2
cm
110 mAh g! 95% (100
Lco//Leo ) ) ) at 7;11 mA gl cycle(s) [84]
. . Glass-fiber 125 mAh g™! -
LiFePO,/ /LiFePOy - separator 0.062-0.930 at9C - [85]
. . 110 mAh g! o
LiFePOy/ /LiFePOy - Celgard 2400 2.0-4.0 at750 mA g1 96.4% [86]
0,
SWCNT//SWCNT PVA/LiCl in DI Gel - 1534 Fcm ™3 96.5% (5000 [87]

cycles)
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Table 2. Cont.
Sr. Tech. Electrodes Electrolyte and Solvent Separator Voltage (V) Capacity EZtCeleition (%) Ref.
) ~80mAhg—1  90% (200
11 DIW LTO//AB - Porous PP film  1.0-3.0 o oycles 58]
Celgard 150.21 mAh
LMFPC/ /LMFPC - celgerd 2045 ST at10C 1000 cycles [88]
PP/PE/PP
LMO/ /LMO - membrane 3.042 2;:3,?:?}1‘ c - 89]
(Celgard)
LiPF, in »
LEP/LTO//CNT - EC/DEC 1.0-4.0 gg mﬁh 8 2 819 (30cycles)  [90]
solution mAg
102mAh g 92.2% (100
LEP/LTO//CNT . Celgard 2400  1.04.3 e orelo) 1]
80mAhg!at o
LFP//MWCNT ; ; 25-42 4C;132mAR  OL8% (15 [92]
et cycles)
g atlC
-1
PE-CNT 1MLiPFq in xylene, NMP  Celgard 2325 - fgmAh gat 193]
140 mAh g )
LTO//LTO - - - at05C 100 cycles [94]
) N i 140mAhg'  85% (3000 _
Li//LFP 1M LiTFSI in DMM/DOL 0.0 o oy [95]
Ceramic-filled 33 mAh g,1 at
LTO//LFP 1M LiTFSIin PC polymer 0.5-3.0 2 - [96]
composites 0.2mA cm
1M LiClO, in EC/DMC 1.5 mAh cm~2
LTO//LFP (A1 o/) . 18 o - [97]
Li/ /GO 1M LiTFSI in DMM/DOL - 1.5-3.0 8128 mAh g ! gﬁ :;)(50 [98]
) ) i ) 1000mAhg™t
Li//Ni/rGO 125 2100 mA 1 [99]
-1
LTO/ /LFP ALO;/PVDFinglycerol  Celgard 2325 - if‘(‘) Enéh 8 - [100]
. 1 M LiPF¢ in 1:1 ratio of 150 mAh g!
LTO/ /LiCoO, EO/DEC . 1.0-2.1 Doma - [101]
PVDF-co-
Li//MnO, HEP/Pyr1;TFSI/LiTESL/ TiO, P"l“’us il . 1273 mAh g ! 98'61% (100 [102]
in NMP polymer film cycles)
. . Gel polymer 185 mAhg! 100% (10
LTO/GO//LTO/GO 1 MLiPFginECand DEC € POV 24 AIOmALT  eyele) [103]
) . 1009 mAhg!  87% (200 ,
Li/ /S /BP0 IMLiTFSlin DMM/DOL  Celgard 2400 - At35me i cyeles) [104]
o 150mAhg'  51.8% (115
LEP/CNT//LFP/CNT 1M LiPFs inEC and DEC - 25-42 Doma i [92]
o 1.0-2.5 and 128 mAh g
LTO/ /LFP 1M LiPF in ECand DEC  Celgard 2400 Y043 an a O.IZnC & - [91]
1 M LiCIO; EMC and PC . 3.91 mAh
12 FDM LTO//LMO (50750 vol o0 25 um PP disk  2.0-3.0 L - [62]
-1
Graphene/ /Li 1MLiPFs in ECand DEC ~ Celgard 2400 0.01-3.0 gOHEAh gat [105]
) 248mAhg!  93% (1000
Graphene/ /Pt 1M LiCl - —1.0to —0.5 3t 40 mA g’l cycles) [106]
-1
Graphite/ /PLA/Li 1MLiPFs in EC and DEC ~ PVDF-co-HFP 001 iﬁ SméAr;‘ 8 . [107]
LTO/NGP//LMO 1M LiClO; in EMC and 7.48 mAh
/MWCNT PC (50,50 vol %) ALOs 2.0-30 em3at1C - [e2]
LTO/ /LFP/GO o 80 mAh g! at
MWé{\TT /GO/ 1M LiPF in BCand DEC ~ Celgard 2.6-3.8 ) cm g at [108]
" Lithography s 1 Mo 1 M LiCIO, in EC:DMC ] L43n SZO MR 80% (1000 [109]
(SLA) (1:1 mass ratio) o ; C M a cycles)
-2
LTO//LFP 1M LiPF6 in EC and DEC - 1.9-32 zsg ’f‘éh m= [67]
. . : } 1.4 pAh cm—2 o .
LTO//LFP 1M LiClO, in EC:DMC 1.5-42 A 97.7% [110]

A complete comparison between the fabrication techniques, considering all properties,
is challenging in some cases. Based on some basic parameters, a comparison has been done,
as shown in Table 3. For this comparison, we have considered the following parameters:

Fabrication speed, i.e., if the process is fast or slow;

If it is possible to fabricate on a bigger surface or larger area;

Thickness of produced film, i.e., in nanometer (nm) or micrometer (Lm) range;
Fabrication cost, i.e., if its high or low cost;
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e  Wastage of material during the deposition process.

Table 3. Comparison of electrode fabrication techniques used in Li ion energy storage.

Fabrication POSS.lbll‘lty of Film Thickness . Material Wastage
Technology Speed Fabrication on Range (nm) or (um) Fabrication Cost (More/Less) Refs
(Fast/Slow) Larger Area 8 K
CVD Fast Yes nm High Less [34]
Doctor blade Slow Yes um Low More [371]
Drop casting Fast No nm Low Less [39]
Nanorod growing nm - Less [41]
Brush coating Fast Yes nm and pm Low More [43]
RTR Fast Yes pum Low More [45,46]
Dip coating Slow Yes nm and pm Low More [48]
Electrodeposition Slow No nm High More [51]
Coating, p ressimg Fast Yes pum Low Less [53]
and stamping
IJP Fast Yes nm High Less [55]
DIW Fast No pm High Less [57]
FDM Fast No um High Less [60]
SLA Fast No pm High Less [64,66]

Different fabrication techniques have different preparation and application aspects.
From the point of view of applications, some fabrication techniques are more suitable for
small-scale production; others are more suitable for the industrial scale.

5. Publication Statistics for Li Ion Based Electrode Fabrication Techniques

In many earlier published papers dedicated to Li ion batteries, the focus was on slurry
preparation, tape casting on collector, assembling of cell components, packing of electrodes
in a metal containers and, finally, electrolyte injection. Most fabrication processes, however,
are not suitable for miniaturization. Thus, more advanced fabrication techniques should
be applied to produce miniature Li ion-based electrodes. Additive manufacturing (AM)
technology is capable of fabricating complex structures with low wastage of material; thus,
the overall process could be economically sustainable. Therefore, it is not surprising that,
in recent years, the research focus has shifted from the conventional top-down approach
towards bottom-up fabrication techniques. In AM processes, the prepared electrode inks
can be printed in the form of a designed electrode of various sizes, shapes and architectures.
Moreover, AM can produce porous structures if necessary. Overall, AM opens a new set
of possibilities for the speedy manufacturing of batteries or micro batteries with distinct
structural design and high performance.

Figure 5 shows the number of research articles published on electrode fabrication
between the years 2003-2022 and schemed through data from the open source search
engine, ‘scopus’ [111]. The relevant data are filtered by addressing the keywords such
as “CVD, doctor blade, drop casting, nano-rod growing, brush coating, roll to roll, dip
coating, electrodeposition, coating, pressing, stamping, ink jet printing (IJP), direct ink
writing (DIW), fused deposition modeling (FDM), lithography” in combination with “Li
ion energy storage device”.

When a year-to-year comparison is made from the data obtained for various methods
of fabrication, we observed a subsequent literature growth in the areas of both conventional
and modern fabrication methods for the manufacturing of Li ion-based energy storage sys-
tems. Further, we observed that ~92% of the published articles highlighted the application
of technologies that majorly included electrodeposition, lithography, CVD and the doctor
blade technique. The exponential growth is observed for the number of articles published
per year on the processes considering electrodeposition, CVD, lithography and dip coating
fabrication techniques. In this study, we excluded articles that are not in English and not
published in peer-reviewed journals.

In the years ranging from 2016 to 2022, there was a continuous increase in publications
concerning IJP, DIW and FDM. One of the major reasons for this trend might be the
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popularity of additive manufacturing (AM) techniques and their advantages in comparison
to conventional fabrication techniques. Although a plethora of publications dedicated to
the additive manufacturing techniques were found, we narrowed our investigation down
to 209 publications based on the following benchmarks:

- Articles published from 2016-2022.
- Final application solely dedicated to Li ion-based storage system.
- Considering AM techniques, including lithography, IJP, DIW and FDM.

We excluded publications that discussed AM techniques in the following contexts:

- Publications where AM techniques were classified in terms of Selective Laser Sintering
(SLS), Multi Jet Fusion (MJF), Digital Light Process (DLP), Electron Beam Melting
(EBM), Poly]Jet and Direct Metal Laser Sintering (DMLS); and those that are not used
for the application of Li ion-based energy storage.
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Figure 5. The number of research articles vs. years for different electrode fabrication techniques [111].

6. Challenges and Future Prospects for Li Ion Based Energy Storage

Many experts anticipated that the growth of Li ion battery technologies will take over
most of the energy storage market in the upcoming 10 years [112,113]. For instance, the
demand for Li ion batteries due to portable electronics including laptops, tablets, cameras,
phones, etc., is expected to be around 100 GWh by the year 2030. Likewise, there will be
a huge demand in other sectors. A detailed analysis of the anticipated demands can be
found in Ghassan et al. [114].

Even though there is active research aiming to substitute lithium, there are very few
options; this can indicate success with Li ion-based energy storage devices. In particular,
one active research area is electrochemical hybrid systems with modified electrode material
and electrolytes. Another important topic is the cost and life cycle assessment (LCA), which
has a huge impact on the global energy storage market. The development of energy storage
technologies is important for the energy transition and will ultimately contributing to
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sustainable development goals. Starting from raw material, component fabrication, cell
assembly, manufacturing, packing, collection and ending with effective recycling/recovery,
this entire chain contributes to the global market growth and environmental disputes.
Detailed prospects for the environmental effects of Li ion-based energy storage still need to
be evaluated.

7. Summary

Electrodes are the most crucial elements of Li ion-based energy storage systems. In
recent years, several attempts have been made to improve electrode materials to achieve
higher capacity and better cyclic stability of energy storage devices. Fabrication technolo-
gies for electrodes, such as CVD, doctor blade, drop casting, nano-rod growing, brush
coating, roll to roll, dip coating, electrodeposition, coating, pressing, stamping, ink jet print-
ing (IJP), fused deposition modeling (FDM), direct ink writing (DIW) and lithography for
Li ion-based energy storage have been discussed and illustrated with examples. Electrode
fabrication technologies are important; they will eventually contribute to the overall cost,
functional characteristics and lifetime of energy storage system. Considering the increasing
usage of renewable energy generation and the acute need for more energy storage facilities,
the impact of Li ion batteries will continue to grow. The technological development of
all related aspects, including materials, fabrication techniques, production process, waste
generation and life cycle will be of high significance.
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Abbreviations

um Micrometer

ABS Acrylonitrile butadiene styrene
AC Activated Carbon

Ag NPs Silver nanoparticles

Al,O3 Alumina

AM Additive manufacturing
BP2000 Black Pearls 2000

CES Chemical energy storage
CH3COOLi  Lithium acetate

CNTs Carbon/carbon nanotubes
CVD Chemical Vapor deposition
DI De-ionized water

DIW Direct ink writing

DEC Diethyl carbonate

DMC Dimethyl carbonate

DMM 1,2-dimethoxymethane
DOL 1,3-dioxolane

EC Ethylene Carbonate
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ECES
EES

EG
EMC
ESS

EU

F/g
FDM
GO
IEA

JP

K

kWh
KOH
K4P>O7
LFP

Li

LiCl
LiClOy4
LCO
LiNO3
LiPFq
Li;SOy
LiTFSI
LMFPC
LMO
LTO
mA
mAh/g
MES

PE-CNT
PP

Pt

PVA
PVDF
PVDF-co-HFP
Pyr13TFSI
rGO

RTR

SLA
SHCIZ
SWCNT
TES

TiO,
ZEBRA

Electrochemical energy storage
Electrical energy storage
Exfoliated Graphene

Ethyl methyl carbonate

Energy storage system
European Union

farad per gram

Fused deposition modelling
Graphene Oxide

International Energy Agency
Inkjet printing

Potassium

kilowatt hour

Potassium hydroxide
Potassium pyrophosphate
Lithium iron phosphate (LiFePO,)
Lithium

Lithium chloride

Lithium perchlorate

Lithium cobalt oxide (LiCoO5)
Lithium nitrate

Lithium hexafluorophosphate
Lithium sulfate

Lithium bis(trifluoromethanesulfonyl)imide
LiMn; _,FexPOy4

Lithium manganese dioxide (LiMnO5)
Lithium titanium oxide (LiTiO5)
milliampere

milliampere hours per gram
Mechanical energy storage
Magnesium

Megawatt

Multiwalled carbon nanotubes
Sodium

Nano graphene platelets

Nickel

Nickel chloride

Nickel tin
N-methyl-2-pyrrolidone
Nano-wire

Propylene carbonate
Polyethylene
Polyethylene-Carbon nano-tubes
Polypropylene

Platinum

Poly(vinyl) alcohol
Polyvinylidene fluoride

Poly(vinylidene fluoride-co-hexafluoropropylene)
N-propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide

Reduced graphene oxide

Roll to roll

Stereolithography

Tin(II) chloride

Single-walled carbon nanotube
Thermal energy storage

Titanium dioxide

Zeolite battery research Africa project



Batteries 2023, 9, 184 19 of 23

References

1. IEA. Data and Statistics. Available online: https://www.iea.org/data-and-statistics /data-browser?country=WORLD&fuel=
Energy-+consumption&indicator=TotElecCons (accessed on 18 September 2022).

2. Simplified Energy Balances. Available online: https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/default/table?lang=
en (accessed on 18 September 2022).

3. Workman, D. Electricity Exports by Country. Available online: https://www.worldstopexports.com/electricity-exports-country/
(accessed on 18 September 2022).

4. Electricity Imports—Country Rankings. Available online: https://www.theglobaleconomy.com/rankings/electricity_imports/
(accessed on 18 March 2022).

5.  Riffat, S.B.; Mardiana, M.A. Building Energy Consumption and Carbon Dioxide Emissions: Threat to Climate Change. J. Earth Sci.
Clim. Chang. 2015, s3, 1. [CrossRef]

6. Guney, M.S,; Tepe, Y. Classification and Assessment of Energy Storage Systems. Renew. Sustain. Energy Rev. 2017, 75, 1187-1197.
[CrossRef]

7. Ye Htut, A. Forecasting Climate Change Scenarios in the Bago River Basin, Myanmar. |. Earth Sci. Clim. Chang. 2014, 5, 9.
[CrossRef]

8. Wang, L.; Welborn, S.S.; Kumar, H.; Li, M.; Wang, Z.; Shenoy, V.B.; Detsi, E. High-Rate and Long Cycle-Life Alloy-Type Magnesium-
Ion Battery Anode Enabled Through (De)Magnesiation-Induced Near-Room-Temperature Solid-Liquid Phase Transformation.
Adv. Energy Mater. 2019, 9, 1902086. [CrossRef]

9. Pandit, B,; Goda, E.S.; Ubaidullah, M.; Shaikh, S.F.; Nakate, U.T.; Khedulkar, A.P.;; Rana, A.; Ul, H.S.; Kumar, D.; Doong, R.
Hexagonal 5-MnO2 Nanoplates as Efficient Cathode Material for Potassium-lon Batteries. Ceram. Int. 2022, 48, 28856-28863.
[CrossRef]

10. Zhang, Z.; Li, Y,; Zhao, G.; Zhu, L.; Sun, Y.; Besenbacher, F.; Yu, M. Rechargeable Mg-Ion Full Battery System with High Capacity
and High Rate. ACS Appl. Mater. Interfaces 2021, 13, 40451-40459. [CrossRef] [PubMed]

11.  Eftekhari, A.; Kim, D.-W. Sodium-Ion Batteries: New Opportunities beyond Energy Storage by Lithium. J. Power Sources 2018,
395, 336-348. [CrossRef]

12.  Walter, M.; Kovalenko, M.V.; Kravchyk, K. V Challenges and Benefits of Post-Lithium-Ion Batteries. N. J. Chem. 2020, 44,
1677-1683. [CrossRef]

13. Pandolfo, T.; Ruiz, V.; Sivakkumar, S.; Nerkar, J. General Properties of Electrochemical Capacitors. In Supercapacitors; Wiley:
Hoboken, NJ, USA, 2013; pp. 69-109. [CrossRef]

14. Khan, N.; Dilshad, S.; Khalid, R.; Kalair, A.R.; Abas, N. Review of Energy Storage and Transportation of Energy. Energy Storage
2019, 1, e49. [CrossRef]

15. Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of Current Development in Electrical Energy Storage Technologies and the
Application Potential in Power System Operation. Appl. Energy 2015, 137, 511-536. [CrossRef]

16. Bhatnagar, D.; Loose, V. Evaluating Utility Procured Electric Energy Storage Resources: A Perspective for State Electric Utility
Regulators. In A Study for the DOE Energy Storage Systems Program, Sandia National Laboratories; U.S. Department of Commerce,
National Technical Information Service: Springfield, VA, USA, 2012.

17.  Gogus, Y. Energy Storage Systems-Volume I; EOLSS Publications: Oxford, UK, 2009; ISBN 1848261624.

18. Cabeza, L.F; Martorell, I.; Miro6, L.; Fernandez, A.L; Barreneche, C. Introduction to Thermal Energy Storage (TES) Systems. In
Advances in Thermal Energy Storage Systems; Elsevier: Amsterdam, The Netherlands, 2015; pp. 1-28. [CrossRef]

19. Uner, D. Storage of Chemical Energy and Nuclear Materials, Energy Storage Systems-Volume II. In Encyclopedia of Life Support
Systems (EOLSS); UNESCO: London, UK, 2009; ISBN 978-1-84826-613-1.

20. Linden, D. Reddy: TB Handbook of Batteries; McGraw-Hill Education: New York, NY, USA, 2002; ISBN 9780071624213.

21. Zakeri, B,; Syri, S. Electrical Energy Storage Systems: A Comparative Life Cycle Cost Analysis. Renew. Sustain. Energy Rev. 2015,
42,569-596. [CrossRef]

22. DOE Global Energy Storage Database. Available online: https://sandia.gov/ess-ssl/gesdb/public/ (accessed on 30 September
2022).

23.  Abedin, A.H.; Rosen, M.A. Closed and Open Thermochemical Energy Storage: Energy-and Exergy-Based Comparisons. Energy
2012, 41, 83-92. [CrossRef]

24. Nithyanandam, K; Pitchumani, R. Analysis and Optimization of a Latent Thermal Energy Storage System with Embedded Heat
Pipes. Int. J. Heat Mass Transf. 2011, 54, 4596—4610. [CrossRef]

25. Adinberg, R.; Zvegilsky, D.; Epstein, M. Heat Transfer Efficient Thermal Energy Storage for Steam Generation. Energy Convers.
Manag. 2010, 51, 9-15. [CrossRef]

26. Ahmad, S. RETRACTED ARTICLE: Polymer Electrolytes: Characteristics and Peculiarities. Ionics 2009, 15, 309-321. [CrossRef]

27. Thevenin, ].G.; Muller, R. H. Impedance of Lithium Electrodes in a Propylene Carbonate Electrolyte. ]. Electrochem. Soc. 1987, 134,
273. [CrossRef]

28. Tarascon, ].M.; Guyomard, D. New Electrolyte Compositions Stable over the 0 to 5 V Voltage Range and Compatible with the
Li; xMnyO4/Carbon Li-Ion Cells. Solid State Ion. 1994, 69, 293-305. [CrossRef]

29. Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chem. Rev. 2004, 104, 4303—4418. [CrossRef]

[PubMed]


https://www.iea.org/data-and-statistics/data-browser?country=WORLD&fuel=Energy+consumption&indicator=TotElecCons
https://www.iea.org/data-and-statistics/data-browser?country=WORLD&fuel=Energy+consumption&indicator=TotElecCons
https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/nrg_bal_s/default/table?lang=en
https://www.worldstopexports.com/electricity-exports-country/
https://www.theglobaleconomy.com/rankings/electricity_imports/
http://doi.org/10.4172/2157-7617.S3-001
http://doi.org/10.1016/j.rser.2016.11.102
http://doi.org/10.4172/2157-7617.1000228
http://doi.org/10.1002/aenm.201902086
http://doi.org/10.1016/j.ceramint.2022.03.279
http://doi.org/10.1021/acsami.1c06106
http://www.ncbi.nlm.nih.gov/pubmed/34416812
http://doi.org/10.1016/j.jpowsour.2018.05.089
http://doi.org/10.1039/C9NJ05682C
http://doi.org/10.1002/9783527646661
http://doi.org/10.1002/est2.49
http://doi.org/10.1016/j.apenergy.2014.09.081
http://doi.org/10.1533/9781782420965.1
http://doi.org/10.1016/j.rser.2014.10.011
https://sandia.gov/ess-ssl/gesdb/public/
http://doi.org/10.1016/j.energy.2011.06.034
http://doi.org/10.1016/j.ijheatmasstransfer.2011.06.018
http://doi.org/10.1016/j.enconman.2009.08.006
http://doi.org/10.1007/s11581-008-0309-x
http://doi.org/10.1149/1.2100445
http://doi.org/10.1016/0167-2738(94)90418-9
http://doi.org/10.1021/cr030203g
http://www.ncbi.nlm.nih.gov/pubmed/15669157

Batteries 2023, 9, 184 20 of 23

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hu, Y,; Xie, X,; Li, W,; Huang, Q.; Huang, H.; Hao, S.-M.; Fan, L.-Z.; Zhou, W. Recent Progress of Polymer Electrolytes for
Solid-State Lithium Batteries. ACS Sustain. Chem. Eng. 2023, 11, 1253-1277. [CrossRef]

Arora, P; Zhang, Z. Battery Separators. Chem. Rev. 2004, 104, 4419-4462. [CrossRef] [PubMed]

Jamil, M.A_; Ali, G,; Khan, K.I; Jan Iftikhar, F; Zaman, S.; Shaikh, S.F; Pandit, B.; Wali, Q.; Patil, S.A. Highly Efficient Tin Fluoride
Nanocomposite with Conductive Carbon as a High Performance Anode for Li-Ion Batteries. . Alloys Compd. 2022, 900, 163447 .
[CrossRef]

Zhang, Z.; Ding, T.; Zhou, Q.; Sun, Y.; Qu, M.; Zeng, Z.; Ju, Y,; Li, L.; Wang, K.; Chi, F. A Review of Technologies and Applications
on Versatile Energy Storage Systems. Renew. Sustain. Energy Rev. 2021, 148, 111263. [CrossRef]

Martin, PM. Handbook of Deposition Technologies for Films and Coatings: Science, Applications and Technology; William Andrew:
Norwich, NY, USA, 2009; ISBN 0815520328.

Ren, J.; Zhang, Y.; Bai, W.; Chen, X.; Zhang, Z.; Fang, X.; Weng, W.; Wang, Y.; Peng, H. Elastic and Wearable Wire-shaped
Lithium-ion Battery with High Electrochemical Performance. Angew. Chem. 2014, 126, 7998-8003. [CrossRef]

Howatt, G.N.; Breckenridge, R.G.; Brownlow, ].M. Fabrication of Thin Ceramic Sheets for Capacitors. J. Am. Ceram. Soc. 1947, 30,
237-242. [CrossRef]

Krebs, E.C. Fabrication and Processing of Polymer Solar Cells: A Review of Printing and Coating Techniques. Sol. Energy Mater.
Sol. Cells 2009, 93, 394-412. [CrossRef]

Liu, C.; Zhang, C.; Song, H.; Zhang, C.; Liu, Y,; Nan, X.; Cao, G. Mesocrystal MnO Cubes as Anode for Li-Ion Capacitors. Nano
Energy 2016, 22, 290-300. [CrossRef]

Kumar, AK.S.; Zhang, Y,; Li, D.; Compton, R.G. A Mini-Review: How Reliable Is the Drop Casting Technique? Electrochem.
Commun. 2020, 121, 106867. [CrossRef]

Senthilkumar, S.T.; Selvan, R.K.; Ulaganathan, M.; Melo, J.S. Fabrication of Bi;O3 | | AC Asymmetric Supercapacitor with Redox
Additive Aqueous Electrolyte and Its Improved Electrochemical Performances. Electrochim. Acta 2014, 115, 518-524. [CrossRef]
Scarabelli, L.; Sanchez-Iglesias, A.; Pérez-Juste, J.; Liz-Marzan, L.M. A “Tips and Tricks” Practical Guide to the Synthesis of Gold
Nanorods. J. Phys. Chem. Lett. 2015, 6, 4270—-4279. [CrossRef] [PubMed]

Deng, B.; Dong, H.; Lei, T.; Yue, N.; Xiao, L.; Liu, J. Post-Annealing Tailored 3D Cross-Linked TiNb,O; Nanorod Electrode:
Towards Superior Lithium Storage for Flexible Lithium-Ion Capacitors. Sci. China Mater. 2020, 63, 492-504. [CrossRef]

Lin, F; Guo, C.; Chuang, W.; Wang, C.; Wang, Q.; Liu, H.; Hsu, C,; Jiang, L. Directional Solution Coating by the Chinese Brush:
A Facile Approach to Improving Molecular Alignment for High-Performance Polymer TFTs. Adv. Mater. 2017, 29, 1606987.
[CrossRef]

Hao, YJ.; Lai, Q.Y.; Wang, L.; Xu, X.-Y.; Chu, H.Y. Electrochemical Performance of a High Cation-Deficiency LiyMn4Oq/Active
Carbon Supercapacitor in LiNO3 Electrolyte. Synth. Met. 2010, 160, 669—-674. [CrossRef]

Goodship, V.D.; Middleton, B.; Cherrington, R. Design and Manufacture of Plastic Components for Multifunctionality: Structural
Composites, Injection Molding, and 3D Printing; William Andrew: Norwich, NY, USA, 2015; ISBN 0323353843.

Carlson, S. Innovative Manufacturing and Materials for Low Cost Lithium Ion Batteries; Optodot Corporation: Woburn, MA, USA,
2015.

Ping, L.; Zheng, J.; Shi, Z.; Qi, J.; Wang, C. Electrochemical Performance of MCMB/(AC+LiFePO;,) Lithium-Ion Capacitors. Chin.
Sci. Bull. 2013, 58, 689-695. [CrossRef]

Dislich, H.; Hinz, P. History and Principles of the Sol-Gel Process, and Some New Multicomponent Oxide Coatings. J. Non. Cryst.
Solids 1982, 48, 11-16. [CrossRef]

Zhou, X.; Chen, Q.; Wang, A.; Xu, J.; Wu, S.; Shen, J. Bamboo-like Composites of V,0O5/Polyindole and Activated Carbon Cloth as
Electrodes for All-Solid-State Flexible Asymmetric Supercapacitors. ACS Appl. Mater. Interfaces 2016, 8, 3776-3783. [CrossRef]
[PubMed]

Nasirpouri, F.; Alipour, K.; Daneshvar, F; Sanaeian, M.-R. Electrodeposition of Anticorrosion Nanocoatings. In Corrosion Protection
at the Nanoscale; Elsevier: Amsterdam, The Netherlands, 2020; pp. 473-497. [CrossRef]

Wang, R.; Wu, J. Structure and Basic Properties of Ternary Metal Oxides and Their Prospects for Application in Supercapacitors.
In Metal Oxides in Supercapacitors; Elsevier: Amsterdam, The Netherlands, 2017; pp. 99-132. [CrossRef]

Jin, H.; Zhou, L.; Mak, C.L.; Huang, H.; Tang, WM.; Chan, H.L.W. Improved Performance of Asymmetric Fiber-Based Micro-
Supercapacitors Using Carbon Nanoparticles for Flexible Energy Storage. J. Mater. Chem. A 2015, 3, 15633-15641. [CrossRef]
Chan, B.-D.; Hsieh, K.-H.; Yang, S.-Y. Fabrication of Organic Flexible Electrodes Using Transfer Stamping Process. Microelectron.
Eng. 2009, 86, 586-589. [CrossRef]

Babu, B.; Lashmi, P.G.; Shaijumon, M.M. Li-lon Capacitor Based on Activated Rice Husk Derived Porous Carbon with Improved
Electrochemical Performance. Electrochim. Acta 2016, 211, 289-296. [CrossRef]

Kolchanov, D.S.; Mitrofanov, I.; Kim, A.; Koshtyal, Y.; Rumyantsev, A.; Sergeeva, E.; Vinogradov, A.; Popovich, A.; Maximov, M.Y.
Inkjet Printing of Li-rich Cathode Material for Thin-film Lithium-ion Microbatteries. Energy Technol. 2020, 8, 1901086. [CrossRef]
Sundriyal, P; Bhattacharya, S. Inkjet-Printed Electrodes on A4 Paper Substrates for Low-Cost, Disposable, and Flexible Asymmet-
ric Supercapacitors. ACS Appl. Mater. Interfaces 2017, 9, 38507-38521. [CrossRef]

Zhao, J.; Lu, H.; Zhao, X.; Malyi, O.1; Peng, J.; Lu, C; Li, X,; Zhang, Y.; Zeng, Z.; Xing, G. Printable Ink Design towards
Customizable Miniaturized Energy Storage Devices. ACS Mater. Lett. 2020, 2, 1041-1056. [CrossRef]


http://doi.org/10.1021/acssuschemeng.2c05879
http://doi.org/10.1021/cr020738u
http://www.ncbi.nlm.nih.gov/pubmed/15669158
http://doi.org/10.1016/j.jallcom.2021.163447
http://doi.org/10.1016/j.rser.2021.111263
http://doi.org/10.1002/ange.201402388
http://doi.org/10.1111/j.1151-2916.1947.tb18889.x
http://doi.org/10.1016/j.solmat.2008.10.004
http://doi.org/10.1016/j.nanoen.2016.02.035
http://doi.org/10.1016/j.elecom.2020.106867
http://doi.org/10.1016/j.electacta.2013.10.199
http://doi.org/10.1021/acs.jpclett.5b02123
http://www.ncbi.nlm.nih.gov/pubmed/26538043
http://doi.org/10.1007/s40843-019-1225-1
http://doi.org/10.1002/adma.201606987
http://doi.org/10.1016/j.synthmet.2009.12.025
http://doi.org/10.1007/s11434-012-5456-9
http://doi.org/10.1016/0022-3093(82)90242-3
http://doi.org/10.1021/acsami.5b10196
http://www.ncbi.nlm.nih.gov/pubmed/26796859
http://doi.org/10.1016/B978-0-12-819359-4.00024-6
http://doi.org/10.1016/B978-0-12-810464-4.00005-X
http://doi.org/10.1039/C5TA03576G
http://doi.org/10.1016/j.mee.2008.12.056
http://doi.org/10.1016/j.electacta.2016.06.055
http://doi.org/10.1002/ente.201901086
http://doi.org/10.1021/acsami.7b11262
http://doi.org/10.1021/acsmaterialslett.0c00176

Batteries 2023, 9, 184 21 of 23

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Izumi, A.; Sanada, M.; Furuichi, K,; Teraki, K.; Matsuda, T.; Hiramatsu, K.; Munakata, H.; Kanamura, K. Development of High
Capacity Lithium-Ion Battery Applying Three-Dimensionally Patterned Electrode. Electrochim. Acta 2012, 79, 218-222. [CrossRef]
Liu, Z.; Wang, Y.; Wu, B,; Cui, C.; Guo, Y.; Yan, C. A Critical Review of Fused Deposition Modeling 3D Printing Technology in
Manufacturing Polylactic Acid Parts. Int. ]. Adv. Manuf. Technol. 2019, 102, 2877-2889. [CrossRef]

Vithani, K.; Goyanes, A.; Jannin, V.; Basit, A.W.; Gaisford, S.; Boyd, B.]. An Overview of 3D Printing Technologies for Soft
Materials and Potential Opportunities for Lipid-Based Drug Delivery Systems. Pharm. Res. 2019, 36, 4. [CrossRef]

Wei, X,; Li, D,; Jiang, W.; Gu, Z.; Wang, X.; Zhang, Z.; Sun, Z. 3D Printable Graphene Composite. Sci. Rep. 2015, 5, 11181.
[CrossRef] [PubMed]

Reyes, C.; Somogyi, R.; Niu, S.; Cruz, M.A.; Yang, F; Catenacci, M.J.; Rhodes, C.P.; Wiley, B.J. Three-Dimensional Printing of a
Complete Lithium Ion Battery with Fused Filament Fabrication. ACS Appl. Energy Mater. 2018, 1, 5268-5279. [CrossRef]
Bartolo, PJ. Stereolithography: Materials, Processes and Applications; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2011; ISBN 0387929045.

Manapat, ].Z.; Chen, Q.; Ye, P.; Advincula, R.C. 3D Printing of Polymer Nanocomposites via Stereolithography. Macromol. Mater.
Eng. 2017, 302, 1600553. [CrossRef]

Seo, J.; Kushner, D.I.; Hickner, M.A. 3D Printing of Micropatterned Anion Exchange Membranes. ACS Appl. Mater. Interfaces 2016,
8, 16656-16663. [CrossRef]

Zhakeyev, A.; Wang, P.; Zhang, L.; Shu, W.; Wang, H.; Xuan, J. Additive Manufacturing: Unlocking the Evolution of Energy
Materials. Adv. Sci. 2017, 4, 1700187. [CrossRef] [PubMed]

Cohen, E.; Menkin, S.; Lifshits, M.; Kamir, Y.; Gladkich, A.; Kosa, G.; Golodnitsky, D. Novel Rechargeable 3D-Microbatteries on
3D-Printed-Polymer Substrates: Feasibility Study. Electrochim. Acta 2018, 265, 690-701. [CrossRef]

Zuo, W.; Wang, C.; Li, Y.; Liu, ]J. Directly Grown Nanostructured Electrodes for High Volumetric Energy Density Binder-Free
Hybrid Supercapacitors: A Case Study of CNTs/ /LisTisO1p. Sci. Rep. 2015, 5, 7780. [CrossRef]

Wang, F.; Wang, C.; Zhao, Y,; Liu, Z.; Chang, Z.; Fu, L.; Zhu, Y.; Wu, Y.; Zhao, D. A Quasi-solid-state Li-ion Capacitor Based on
Porous TiO, Hollow Microspheres Wrapped with Graphene Nanosheets. Small 2016, 12, 6207-6213. [CrossRef]

Brandt, A.; Balducci, A. A Study about the Use of Carbon Coated Iron Oxide-Based Electrodes in Lithium-Ion Capacitors.
Electrochim. Acta 2013, 108, 219-225. [CrossRef]

Yang, P; Ding, Y.; Lin, Z.; Chen, Z.; Li, Y; Qiang, P.; Ebrahimi, M.; Mai, W.; Wong, C.P.; Wang, Z.L. Low-Cost High-Performance
Solid-State Asymmetric Supercapacitors Based on MnO, Nanowires and Fe,O3 Nanotubes. Nano Lett. 2014, 14, 731-736.
[CrossRef] [PubMed]

Khomenko, V.; Raymundo-Pifiero, E.; Béguin, F. High-Energy Density Graphite/AC Capacitor in Organic Electrolyte. J. Power
Sources 2008, 177, 643—-651. [CrossRef]

Ahn, W,; Lee, D.U,; Li, G.; Feng, K.; Wang, X.; Yu, A.; Lui, G.; Chen, Z. Highly Oriented Graphene Sponge Electrode for Ultra
High Energy Density Lithium Ion Hybrid Capacitors. ACS Appl. Mater. Interfaces 2016, 8, 25297-25305. [CrossRef] [PubMed]
Leng, K.; Zhang, F.; Zhang, L.; Zhang, T.; Wu, Y,; Lu, Y.; Huang, Y.; Chen, Y. Graphene-Based Li-lon Hybrid Supercapacitors with
Ultrahigh Performance. Nano Res. 2013, 6, 581-592. [CrossRef]

Ye, L,; Liang, Q.; Lei, Y.; Yu, X.; Han, C.; Shen, W.; Huang, Z.-H.; Kang, F,; Yang, Q.-H. A High Performance Li-Ion Capacitor
Constructed with Li; Ti5O1, /C Hybrid and Porous Graphene Macroform. J. Power Sources 2015, 282, 174-178. [CrossRef]

Lim, E.; Jo, C.; Kim, H.; Kim, M.-H.; Mun, Y.; Chun, J.; Ye, Y.; Hwang, J.; Ha, K.-S.; Roh, K.C. Facile Synthesis of Nb,Os@ Carbon
Core-Shell Nanocrystals with Controlled Crystalline Structure for High-Power Anodes in Hybrid Supercapacitors. ACS Nano
2015, 9, 7497-7505. [CrossRef] [PubMed]

Li, J.; Zhang, X.; Peng, R.; Huang, Y.; Guo, L.; Qi, Y. LiMn;O, /Graphene Composites as Cathodes with Enhanced Electrochemical
Performance for Lithium-Ion Capacitors. RSC Adv. 2016, 6, 54866-54873. [CrossRef]

Choi, H.S,; Im, ].H.; Kim, T.; Park, J.H.; Park, C.R. Advanced Energy Storage Device: A Hybrid BatCap System Consisting of
Battery—Supercapacitor Hybrid Electrodes Based on LiyTisO1-Activated-Carbon Hybrid Nanotubes. J. Mater. Chem. 2012, 22,
16986-16993. [CrossRef]

Brousse, T.; Marchand, R.; Taberna, P-L.; Simon, P. TiO, (B)/Activated Carbon Non-Aqueous Hybrid System for Energy Storage.
J. Power Sources 2006, 158, 571-577. [CrossRef]

Li, B;; Dai, F; Xiao, Q.; Yang, L.; Shen, J.; Zhang, C.; Cai, M. Nitrogen-Doped Activated Carbon for a High Energy Hybrid
Supercapacitor. Energy Environ. Sci. 2016, 9, 102-106. [CrossRef]

Han, P; Ma, W.; Pang, S.; Kong, Q.; Yao, J.; Bi, C.; Cui, G. Graphene Decorated with Molybdenum Dioxide Nanoparticles for Use
in High Energy Lithium Ion Capacitors with an Organic Electrolyte. J. Mater. Chem. A 2013, 1, 5949-5954. [CrossRef]

Lin, Y,; Gao, Y.; Fan, Z. Printable Fabrication of Nanocoral-structured Electrodes for High-performance Flexible and Planar
Supercapacitor with Artistic Design. Adv. Mater. 2017, 29, 1701736. [CrossRef] [PubMed]

ZHAO, Y.-M,; XU, J.; LIU, L.; YANG, J.; JIANG, Z.-Y. Thin Film LiCoO_2 Cathode Prepared by Using Ink-Jet Printing Technique
and Its Electrochemical Properties. Chem. J. Chin. Univ. 2007, 28, 1122-1125.

Lee, J.-H.; Wee, S.-B.; Kwon, M.-S.; Kim, H.-H.; Choi, J.-M.; Song, M.S.; Park, H.B.; Kim, H.; Paik, U. Strategic Dispersion of
Carbon Black and Its Application to Ink-Jet-Printed Lithium Cobalt Oxide Electrodes for Lithium Ion Batteries. J. Power Sources
2011, 196, 6449-6455. [CrossRef]


http://doi.org/10.1016/j.electacta.2012.07.001
http://doi.org/10.1007/s00170-019-03332-x
http://doi.org/10.1007/s11095-018-2531-1
http://doi.org/10.1038/srep11181
http://www.ncbi.nlm.nih.gov/pubmed/26153673
http://doi.org/10.1021/acsaem.8b00885
http://doi.org/10.1002/mame.201600553
http://doi.org/10.1021/acsami.6b03455
http://doi.org/10.1002/advs.201700187
http://www.ncbi.nlm.nih.gov/pubmed/29051861
http://doi.org/10.1016/j.electacta.2018.01.197
http://doi.org/10.1038/srep07780
http://doi.org/10.1002/smll.201602331
http://doi.org/10.1016/j.electacta.2013.06.076
http://doi.org/10.1021/nl404008e
http://www.ncbi.nlm.nih.gov/pubmed/24382331
http://doi.org/10.1016/j.jpowsour.2007.11.101
http://doi.org/10.1021/acsami.6b08298
http://www.ncbi.nlm.nih.gov/pubmed/27603692
http://doi.org/10.1007/s12274-013-0334-6
http://doi.org/10.1016/j.jpowsour.2015.02.028
http://doi.org/10.1021/acsnano.5b02601
http://www.ncbi.nlm.nih.gov/pubmed/26095456
http://doi.org/10.1039/C6RA09103B
http://doi.org/10.1039/c2jm32841k
http://doi.org/10.1016/j.jpowsour.2005.09.020
http://doi.org/10.1039/C5EE03149D
http://doi.org/10.1039/c3ta10853h
http://doi.org/10.1002/adma.201701736
http://www.ncbi.nlm.nih.gov/pubmed/28980732
http://doi.org/10.1016/j.jpowsour.2011.03.041

Batteries 2023, 9, 184 22 of 23

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Delannoy, P.-E.; Riou, B.; Brousse, T.; Le Bideau, J.; Guyomard, D.; Lestriez, B. Ink-Jet Printed Porous Composite LiFePOy,
Electrode from Aqueous Suspension for Microbatteries. J. Power Sources 2015, 287, 261-268. [CrossRef]

Gu, Y,; Wu, A ; Sohn, H.; Nicoletti, C.; Iqbal, Z.; Federici, ].F. Fabrication of Rechargeable Lithium Ion Batteries Using Water-Based
Inkjet Printed Cathodes. J. Manuf. Process. 2015, 20, 198-205. [CrossRef]

Chen, B,; Jiang, Y.; Tang, X.; Pan, Y.; Hu, S. Fully Packaged Carbon Nanotube Supercapacitors by Direct Ink Writing on Flexible
Substrates. ACS Appl. Mater. Interfaces 2017, 9, 28433-28440. [CrossRef]

Hu, J; Jiang, Y.; Cui, S.; Duan, Y,; Liu, T.; Guo, H.; Lin, L,; Lin, Y.; Zheng, J.; Amine, K. 3D-printed Cathodes of LiMn; _xFe, POy
Nanocrystals Achieve Both Ultrahigh Rate and High Capacity for Advanced Lithium-ion Battery. Adv. Energy Mater. 2016, 6,
1600856. [CrossRef]

Li, J.; Leu, M.C,; Panat, R.; Park, . A Hybrid Three-Dimensionally Structured Electrode for Lithium-Ion Batteries via 3D Printing.
Mater. Des. 2017, 119, 417-424. [CrossRef]

Wang, Y.; Chen, C.; Xie, H.; Gao, T.; Yao, Y.; Pastel, G.; Han, X.; Li, Y.; Zhao, J.; Fu, K. 3D-printed All-fiber Li-ion Battery toward
Wearable Energy Storage. Adv. Funct. Mater. 2017, 27, 1703140. [CrossRef]

Zhou, L.; Ning, W.; Wu, C.; Zhang, D.; Wei, W.; Ma, ] ; Li, C.; Chen, L. 3D-printed Microelectrodes with a Developed Conductive
Network and Hierarchical Pores toward High Areal Capacity for Microbatteries. Adv. Mater. Technol. 2019, 4, 1800402. [CrossRef]
Wang, J.; Sun, Q.; Gao, X.; Wang, C.; Li, W.; Holness, EB.; Zheng, M.; Li, R.; Price, A.D.; Sun, X. Toward High Areal Energy
and Power Density Electrode for Li-Ion Batteries via Optimized 3D Printing Approach. ACS Appl. Mater. Interfaces 2018, 10,
39794-39801. [CrossRef] [PubMed]

Huang, Z.X,; Sim, G.J.; Tan, J.C.; Low, H.Y.; Yang, H.Y. 3D-Printed, Carbon-Nanotube-Wrapped, Thermoresponsive Polymer
Spheres for Safer Lithium-Ion Batteries. Energy Technol. 2018, 6, 1715-1722. [CrossRef]

Liu, C.; Xu, E; Liu, Y,; Ma, J.; Liu, P.; Wang, D.; Lao, C.; Chen, Z. High Mass Loading Ultrathick Porous Li4Ti5012 Electrodes with
Improved Areal Capacity Fabricated via Low Temperature Direct Writing. Electrochim. Acta 2019, 314, 81-88. [CrossRef]

Cao, D.; Xing, Y.; Tantratian, K.; Wang, X.; Ma, Y.; Mukhopadhyay, A.; Cheng, Z.; Zhang, Q.; Jiao, Y.; Chen, L. 3D Printed
High-performance Lithium Metal Microbatteries Enabled by Nanocellulose. Adv. Mater. 2019, 31, 1807313. [CrossRef]

Wei, T.; Ahn, B.Y.; Grotto, J.; Lewis, J.A. 3D Printing of Customized Li-ion Batteries with Thick Electrodes. Adv. Mater. 2018, 30,
1703027. [CrossRef] [PubMed]

Sun, K.; Wei, T.; Ahn, B.Y.; Seo, ].Y.; Dillon, S.J.; Lewis, J.A. 3D Printing of Interdigitated Li-lon Microbattery Architectures. Adv.
Mater. 2013, 25, 4539-4543. [CrossRef]

Shen, K.; Mei, H.; Li, B.; Ding, J.; Yang, S. 3D Printing Sulfur Copolymer-graphene Architectures for Li-S Batteries. Adv. Energy
Mater. 2018, 8, 1701527. [CrossRef]

Qiao, Y.; Liu, Y; Chen, C.; Xie, H.; Yao, Y; He, S.; Ping, W.; Liu, B.; Hu, L. 3D-printed Graphene Oxide Framework with Thermal
Shock Synthesized Nanoparticles for Li-CO2 Batteries. Adv. Funct. Mater. 2018, 28, 1805899. [CrossRef]

Blake, A.]J.; Kohlmeyer, R.R.; Hardin, J.O.; Carmona, E.A.; Maruyama, B.; Berrigan, ].D.; Huang, H.; Durstock, M.E. 3D Printable
Ceramic—Polymer Electrolytes for Flexible High-performance Li-ion Batteries with Enhanced Thermal Stability. Adv. Energy
Mater. 2017, 7, 1602920. [CrossRef]

Cheng, M; Jiang, Y.; Yao, W.; Yuan, Y.; Deivanayagam, R.; Foroozan, T.; Huang, Z.; Song, B.; Rojaee, R.; Shokuhfar, T. Elevated-
temperature 3D Printing of Hybrid Solid-state Electrolyte for Li-ion Batteries. Adv. Mater. 2018, 30, 1800615. [CrossRef]
Kohlmeyer, R.R; Blake, A J.; Hardin, J.O.; Carmona, E.A.; Carpena-Nufiez, ].; Maruyama, B.; Berrigan, ].D.; Huang, H.; Durstock,
M.E. Composite Batteries: A Simple yet Universal Approach to 3D Printable Lithium-Ion Battery Electrodes. J. Mater. Chem. A
2016, 4, 16856-16864. [CrossRef]

Fu, K;; Wang, Y,; Yan, C; Yao, Y.; Chen, Y,; Dai, J.; Lacey, S.; Wang, Y.; Wan, J.; Li, T. Graphene Oxide-based Electrode Inks for
3D-printed Lithium-ion Batteries. Adv. Mater. 2016, 28, 2587-2594. [CrossRef]

Gao, X.; Sun, Q.; Yang, X,; Liang, J.; Koo, A; Li, W,; Liang, J.; Wang, J.; Li, R.; Holness, E.B. Toward a Remarkable Li-S Battery via
3D Printing. Nano Energy 2019, 56, 595-603. [CrossRef]

Foster, C.W.; Down, M.P,; Zhang, Y.; Ji, X.; Rowley-Neale, S.J.; Smith, G.C.; Kelly, PJ.; Banks, C.E. 3D Printed Graphene Based
Energy Storage Devices. Sci. Rep. 2017, 7, 42233. [CrossRef] [PubMed]

Vernardou, D.; Vasilopoulos, K.C.; Kenanakis, G. 3D Printed Graphene-Based Electrodes with High Electrochemical Performance.
Appl. Phys. A 2017, 123, 623. [CrossRef]

Maurel, A.; Courty, M.; Fleutot, B.; Tortajada, H.; Prashantha, K.; Armand, M.; Grugeon, S.; Panier, S.; Dupont, L. Highly Loaded
Graphite-Polylactic Acid Composite-Based Filaments for Lithium-Ion Battery Three-Dimensional Printing. Chem. Mater. 2018, 30,
7484-7493. [CrossRef]

Ragones, H.; Menkin, S.; Kamir, Y.; Gladkikh, A.; Mukra, T.; Kosa, G.; Golodnitsky, D. Towards Smart Free Form-Factor 3D
Printable Batteries. Sustain. Energy Fuels 2018, 2, 1542-1549. [CrossRef]

Ning, H.; Pikul, ].H.; Zhang, R.; Li, X.; Xu, S.; Wang, J.; Rogers, J.A.; King, W.P; Braun, P. V Holographic Patterning of
High-Performance on-Chip 3D Lithium-Ion Microbatteries. Proc. Natl. Acad. Sci. USA 2015, 112, 6573-6578. [CrossRef] [PubMed]
Chen, Q.; Xu, R;; He, Z.; Zhao, K; Pan, L. Printing 3D Gel Polymer Electrolyte in Lithium-Ion Microbattery Using Stereolithogra-
phy. J. Electrochem. Soc. 2017, 164, A1852. [CrossRef]

Scopus. Available online: https:/ /www.scopus.com/search/form.uri?display=basic#basic (accessed on 30 September 2022).


http://doi.org/10.1016/j.jpowsour.2015.04.067
http://doi.org/10.1016/j.jmapro.2015.08.003
http://doi.org/10.1021/acsami.7b06804
http://doi.org/10.1002/aenm.201600856
http://doi.org/10.1016/j.matdes.2017.01.088
http://doi.org/10.1002/adfm.201703140
http://doi.org/10.1002/admt.201800402
http://doi.org/10.1021/acsami.8b14797
http://www.ncbi.nlm.nih.gov/pubmed/30372018
http://doi.org/10.1002/ente.201700858
http://doi.org/10.1016/j.electacta.2019.05.082
http://doi.org/10.1002/adma.201807313
http://doi.org/10.1002/adma.201703027
http://www.ncbi.nlm.nih.gov/pubmed/29543991
http://doi.org/10.1002/adma.201301036
http://doi.org/10.1002/aenm.201701527
http://doi.org/10.1002/adfm.201805899
http://doi.org/10.1002/aenm.201602920
http://doi.org/10.1002/adma.201800615
http://doi.org/10.1039/C6TA07610F
http://doi.org/10.1002/adma.201505391
http://doi.org/10.1016/j.nanoen.2018.12.001
http://doi.org/10.1038/srep42233
http://www.ncbi.nlm.nih.gov/pubmed/28256602
http://doi.org/10.1007/s00339-017-1238-1
http://doi.org/10.1021/acs.chemmater.8b02062
http://doi.org/10.1039/C8SE00122G
http://doi.org/10.1073/pnas.1423889112
http://www.ncbi.nlm.nih.gov/pubmed/25964360
http://doi.org/10.1149/2.0651709jes
https://www.scopus.com/search/form.uri?display=basic#basic

Batteries 2023, 9, 184 23 of 23

112. Pillot, C. The Rechargeable Battery Market and Main Trends 2018-2030. In Proceedings of the 36th Annual Interna-
tional Battery Seminar & Exhibit—Avicenne Energy, Fort Lauderdale, FL, USA, 25-28 March 2019; Available online:
http://cdn.ceo.ca.s3.amazonaws.com/lem2t4r-02%20-%20Presentation%20Avicenne%?20-%20Christophe%20Pillot%20-%20
28%20Mai%202019.pdf (accessed on 30 September 2022).

113. Outlook, IEA Global EV. Entering the Decade of Electric Drive; International Energy Agency: Paris, France, 2020.

114. Zubi, G.; Dufo-Lépez, R.; Carvalho, M.; Pasaoglu, G. The Lithium-Ion Battery: State of the Art and Future Perspectives. Renew.
Sustain. Energy Rev. 2018, 89, 292-308. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://cdn.ceo.ca.s3.amazonaws.com/1em2t4r-02%20-%20Presentation%20Avicenne%20-%20Christophe%20Pillot%20-%2028%20Mai%202019.pdf
http://cdn.ceo.ca.s3.amazonaws.com/1em2t4r-02%20-%20Presentation%20Avicenne%20-%20Christophe%20Pillot%20-%2028%20Mai%202019.pdf
http://doi.org/10.1016/j.rser.2018.03.002

	Introduction 
	Materials and Methods 
	Mechanical Energy Storage System (MES) 
	Thermal Energy Storage System (TES) 
	Chemical Energy Storage System (CES) 
	Electrochemical Energy Storage System (ECES) 
	Electrical Energy Storage System (EES) 

	Li Ion-Based Energy Storage System 
	Electrolyte 
	Separator 
	Electrodes 

	Electrode Fabrication Techniques for Li Ion-Based Energy Storage System 
	Chemical Vapor Deposition (CVD) 
	Doctor Blade (Tape Casting) 
	Drop Casting 
	Nano Rod Growing 
	Brush Coating 
	Roll to Roll (RTR) 
	Dip Coating 
	Electrodeposition 
	Coating, Pressing, and Stamping 
	Inkjet Printing (IJP) 
	Direct Ink Writing (DIW) 
	Fused Deposition Modelling (FDM) 
	Stereolithography (SLA) 

	Publication Statistics for Li Ion Based Electrode Fabrication Techniques 
	Challenges and Future Prospects for Li Ion Based Energy Storage 
	Summary 
	References

