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Large-scale energy storage technologies are becoming increasingly necessary for the effective use of
clean and sustainable energy sources. Solid-state lithium batteries (SSLBs) based on non- or less
flammable solid-state electrolytes are gaining popularity owing to their greater safety than regular Li-ion
batteries. Additionally, when built using a bipolar architecture, SSLBs can offer significant advantages in
terms of battery parameters, ie., power and energy densities together with the cost. Since the
introduction of “rocking chair” batteries in the 1990s, the energy density of lithium-ion batteries has
steadily increased. In order to achieve a higher energy density, an anode-free arrangement has been
proposed and extensively researched in recent years. This review article briefly discusses the key
elements and technologies for bipolar SSLBs, including composite electrodes, bipolar plates, and Li*-
conducting SEs. This paper highlights the present problems and difficulties in this developing sector
while providing an outline of the recent advancements in anode-free solid-state batteries. Although

Received 28th February 2024, there are various challenges that need to be addressed, anode-free solid-state batteries can be
Accepted 17th May 2024 developed faster using the knowledge gained from solid-state lithium metal batteries and liquid
DOI: 10.1039/d4ya00138a electrolytes. This will indeed assist the existing battery technology to move one step forward towards

the development of novel, inexpensive, eco-friendly and high-performance bi-polar anode-less solid-
rsc.li/energy-advances state batteries.
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Fig.1 Energy density growth trend of lithium batteries in the future
(Advanced Energy Materials, 8(11), 1702657) (reproduced with permission
from ref. 21).

(LIBs) are the popular sources of storage devices because of
their properties such as high power input, long cycling life,
high power output, and high energy density, which make them
potential candidates, and are widely used in devices such as
electric vehicles and portable electronics.®”"" However, the
limited reserves and escalating cost of Li salts with growing
demands have become severe problems. Consequently, the
development of alternative energy storage systems has become
essential for future requirements. After vigorous investigations,
researchers have focused on sodium (Na) batteries due to the
abundance of Na resources, comparable performance to LIBs,
and cost-effectiveness.’*™"” Although sodium has abundant
natural resources, its electrochemical performance is not better
as compared to Li ion batteries."®°

To date, liquid electrolytes are the most widely used electro-
lyte materials, but they still suffer from safety problems such as
liquid leakage, explosiveness, weak thermal stability, and
ignitability.”""*> However, solid electrolytes exhibit superior
properties to liquid electrolytes, such as low flammability, high
thermal stability, no volatilization and leakage, no risk of
explosions and fire, which are more favourable for developing
solid-state Li ion batteries with high stability and safety.>*

Dr Krishnamurthy Narayanan is
currently working as Deputy
General Manager-R&D at HP
Green R&D Centre, Bengaluru. He
received his PhD in energy devices
from KTH, Stockholm. His current
research interests lie in the domain
of energy storage and conversion
technologies ranging from batteries
to fuel cells.

Krishnamurthy Narayanan

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

Charging Process
Li* Ions

1 (e
1 = e 3 — |
i %‘é — T
Anode | .,  SolidStateElectrolyte — j——Cathiode
Li/V20s i ron S ‘ V205
- = . — |<  InzSes
| LiBO2
— ‘ = LirON —— | LiMn204
| —_— C__> ‘
| — ‘
Electrons " Ty ‘ 1
/ i
' Discharging Process |
Li*Ions
—— ———

 pe——
Load

Fig. 2 Schematic of a representative lithium-based solid-state battery, show-
ing the direction of ion movement and some of the possible anode, electrolyte,
and cathode combinations (reproduced with permission from ref. 37).

Additionally, the battery cell design can be simplified with solid
electrolytes since they do not require any additional contain-
ment or separator components and deliver better mechanical
performance.*®™*?

Solid-state lithium batteries are predicted to lead the next
generation of vehicle power batteries. (Fig. 1).' Solid-state
electrolytes consist of polymer-based electrolytes, and sulfide-
and oxide-based inorganic electrolytes, and each type of elec-
trolyte exhibits respective advantages and disadvantages.*™*
One of the major concerns for the practical applications of
LIBs using non-aqueous liquid electrolytes is battery safety,
which is independent of the competitive ionic conductivity
(10 mS ecm™").>* The flammability and thermal instability of
organic solvents used in these electrolytes cause serious safety
issues, particularly when batteries are overcharged, internally
shorted, or exposed to elevated temperatures. In LIBs equipped
with graphite anodes above 80 °C, the solid electrolyte inter-
phase (SEI) is unstable and starts dissolving at 120 °C. As a
result, lithium in graphite anodes will start reacting with
electrolytes and at 135 °C the polyethylene separator will start
to melt. With the polyethylene (PE) separator, the temperature
beyond 135 °C does not work and cells become shorted. More-
over, the increase in cell temperature leads to the decomposi-
tion of cathode materials. If oxygen is evolved from the cathode,
the battery will readily catch fire due to the availability of all
hygroscopic materials in the vicinity, causing cell explosion.
Several ways have been investigated for replacing/changing the
electrolyte, which can increase cell safety and stability. Because
of their high thermal and chemical stabilities, solid-state
electrolytes (SSEs) are considered most promising.>* %3¢
Furthermore, SEs have a wider electrochemical potential win-
dow (~8 V against Li/Li") than that of liquid organic electro-
lytes (~4.2 Vvs. Li/Li"), allowing them to mix with high-voltage
cathodes and provide high specific energy to batteries.>® SEs
also make battery construction easier by eliminating the
requirement of separators to avoid the physical contact
between the cathode and the anode. Solid-state LIBs, however,
are currently under development, owing to the scarcity of
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Fig. 3 Illustration of main cell architectures utilized in solid-state battery
research to date: (a) all-solid-state configuration using a solid-state
cathode interfaced with a solid electrolyte and a high-energy density solid
anode; (b) a hybrid approach using a liquid or polymer-based cathode
interfaced with a solid electrolyte and a high—energy density anode; and
(c) anode-free design in which the cell is constructed with only a cathode
and a separator while the metal anode is formed upon first charge.
(Reproduced with permission from ref. 38).

solid electrolytes with high lithium ion conductivity and low
interfacial compatibility between the electrodes and the
electrolyte.”®**?°3? 1j-jon conducting SEs can be generally
classified into three categories, namely, (1) inorganic electro-
lytes, (2) organic electrolytes, and (3) composites. For any
feasible design of solid-state LIBs, the material to be
employed as an electrolyte should have a conductivity of at least
1 mS cm™ ', and a conductivity beyond that will be appreciable.

A solid-state battery with lithium is depicted in Fig. 2. The Li
ions migrate during the charging and discharging processes,
respectively, as indicated by the curved arrows. The external
circuit’s load is driven by the electrons produced via chemical
redox reactions. The set of cathode and anode materials and
their corresponding suitable electrolytes are also mentioned in
Fig. 2, marked with matching colors (in the web version).

The use of SSE advancements in complete cell structures is
required to demonstrate their applicability and validate the
claimed advantages. Understanding the constraints of materi-
als, processing power, and most significantly, cell form factor,
is necessary for the integration of such structures. There are
various approaches to integrate SSEs into whole-cell topologies.
The primary potential cell design topologies for all SSE families
are shown in Fig. 3.

A hybrid design naturally develops in some SSE systems as a
potential fix for rate capability and high-temperature processing
compatibility problems. Some SSEs provide this potential path for
integration, as schematically displayed in Fig. 3. Due to their
brittleness, oxides are difficult to mechanically adhere and provide
stable interfaces with cathode components; however, a hybrid
system is made viable by using another ionic conductor in the
liquid or polymer phase, such as a gel.
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Fig. 4 (a) Li-metal battery and (b) anode-free battery. (Reproduced with
permission from ref. 41).

The anode in the majority of research investigations is
employed as a means for extending life by using extra Li
metal.*® The existing literature lacks the discussion on the fact
that extensive use of Li-metal reduces the volumetric energy
density of the batteries. Additionally, excessive Li metal con-
sumption raises safety concerns, which include potential fire
and explosions. This inspired the researchers to think in a
novel dimension to use less Li-metal anodes.

During charging and discharging of an anode-free battery,
Li-metal plates and strips are located on the exposed current
collector (CC). Since the negative-to-positive areal capacity ratio
(N/P) of the anode-free battery is almost zero, it is considered as
a special type of Li-metal battery. The anode-free design mini-
mizes the volume in the anode side and produces a higher
energy density (Fig. 4b) than that of the conventional Li-metal
battery (Fig. 4a). However, the dendritic Li plating and low
coulombic efficiency of the anode-free batteries result in poor
cycling stability.*°

Fig. 5 compares the alternative cell designs in terms of
notional GED (gravimetric energy density) and VED (volumetric
energy density), assuming that similar active materials are used
in liquid electrolyte- and SSE-based cells. This assumption
necessitates the liquid and solid electrolyte systems having
equal electrochemical stability windows. Reducing the electro-
chemical stability window reduces the active material utiliza-
tion based on its usual intercalation profile. As a result, both
specific capacity and cell voltage fall, resulting in lower GED
and VED. As a result, the ranking of GED and VED of various
cell ideas in Fig. 5 is only relevant if sufficiently stable electro-
Iytes are used, highlighting the critical importance of the
electrochemical stability window in the development of SSB
and anode-less solid-state batteries (ALSSBs), as discussed
further below.*>

Low coulombic efficiency (CE) and lithium dendrite for-
mation were identified as the primary issues faced by
anode-free batteries in this review and explored in the first
section. The anode-free battery has hurdles due to interfacial
concerns such as heterogeneous Li plating, interfacial parasitic
reactivity, and dead lithium. The modification of the surface
chemistry is, therefore, a promising strategy for improving the
electrochemical performance of anode-less batteries, which has
received widespread attention and is also included in this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematics of cell configurations, stack weight and volume distribution, and estimated energy density for conventional Li-ion batteries and solid-
state batteries with intercalation-type electrodes, Li-metal anode, and anode-free configuration. (Reproduced with permission from ref. 42).

review. Compared to liquid electrolytes, all-solid-state batteries
without anodes are challenged by the more complex interface
problems described in the previous section. In this context, it
becomes necessary to explore the foundations of bipolar battery
construction, which will be discussed in a later section.

2. Types of solid electrolytes in Li-ion
solid-state batteries
Rechargeable lithium-ion batteries (LIBs) have been crucial to

the fabrication and quick adoption of many portable electronic
devices. Recently, solid-state Li batteries (SSLBs), whose

Q y
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=
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Fig. 6 Schematic of the main types and the direction of improvement of
solid-state electrolytes. (Reproduced with permission from ref. 43).
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electrolytes are composed of solid materials that can conduct
Li", have become important. As the issues pertaining to SSEs,
which hinder their commercialization, have been already dis-
cussed in the Introduction section, only a summary of those
issues is presented in Fig. 6. Each form of SSE has its own set of
issues based on its composition, which may be loosely grouped
into three categories: inorganic ceramic SSEs, polymer SSEs,
and ceramic-polymer hybrid SSEs (Fig. 7 and Table 1).**
Among all the electrolytes illustrated in Fig. 7, it has become
clear with the advancement of knowledge that the hybrid solid-
state electrolytes display good electrochemical performance,
but they are expensive than the conventional ceramic electro-
lytes. Most importantly, hybrid SSEs are considered safer than
the liquid electrolytes because of their superior thermal and
electrochemical stabilities. A few other astonishing properties
including high ionic conductivity, high stability, and low

Liquid Electrolytes

Carbonate: EC, DEC, PC, DMC
Ether: DOL, DME
Fluorinated Carbonate: F-EC, F-EPE

L X X 2

Ceramic Electrolytes
LiPON-type, Li;N-type
Garnet-Type, Perovskite-Type, Sulfide-Type
LISICON, NASICON

L X X 2

Polymer-Based Electrolytes
PEO-Based

Polysiloxane-Based
Single Lithium-Ion Conducting Polymer

L X X 2

Fig. 7 Summary of common electrolyte system types and examples.
(Reproduced with permission from ref. 43).
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Table 1 Comparison of the characteristics of different types of SSEs. A: liquid electrolytes; B: ceramic electrolytes; C: polymer-based electrolytes; D:

hybrid SSEs. (Reproduced with permission from ref. 43)

Types of SSE Ionic conductivity Interfacial compatibility Electrochemical stability Mechanical strength Price

LE Excellent High Medium Low Cheap
CE High Low Medium Excellent Cheap
PBE Low Excellent High Medium Expensive
HSE High High High High Expensive

interfacial resistance make them even more interesting. Hybrid
SSEs rationally combining the properties of two or more SSEs
are promising candidates for establishing a suitable solid-state
lithium battery.***” The most common hybrid electrolyte con-
sists of a soft polymer electrolyte and a rigid inorganic SSE. The
presence of the rigid part provides high ionic conductivity at
room temperature and the soft part solves the issues pertaining
to wettability at the interface with electrodes.*>*® Another
category of hybrid electrolytes comprises multilayer-structured
hybrid electrolytes, in which a ceramic SSE layer provides Li"
ion conductivity and a constituent separator with a soft poly-
mer electrolyte outer layer is enclosed to tune the interface
against electrodes.”*' Sometimes, the soft polymer electrolyte
is replaced with a trace amount of liquid electrolytes, which are
spread on the SSE surface to improve the ionic conduction
between the rigid oxide SSEs and the respective electrodes. This
kind of configuration is referred to as liquid-oxide hybrid
electrolyte.*®

3. Structural design of solid-state
batteries

Before going into the details of Bi-polar solid-state batteries, it
is important to understand the basic framework of solid-state
batteries. Different forms of integrated battery structures that
are capable of effectively resolving a range of interface issues
have developed from the overall solid-state battery design. The
enlargement of the electrochemical stability window depends
on the creation of the optimum electrode-solid electrolyte

A typical liquid LIB

A conventional SSLIB

contact. The most widely used design in interface engineering
so far is the multilayer electrolyte concept. Fu et al.”>> proposed
the modification of the electrode-electrolyte interface by
embedding a Li-Al alloy layer as a wetting layer. According to
the study, the garnet SSE material can be completely coated
with an Al-alloyed Li metal. According to that comparison,
garnet/Li in direct contact has an interface impedance of
~950 cm?, which decreases to ~ 75 cm? after surface modifica-
tion. Such improvement was greater than an order of magni-
tude. The most popular and efficient method to increase the
mechanical compatibility and lower interface resistance is
thought to be the addition of an intermediate layer between
the solid electrolyte and the lithium metal. The documented
surface treatment layers to date include a thin coating of Li-M
alloy, oxides, or amorphous Si. Additionally, the electrode/
electrolyte interface was tackled by Professor Wang’s team from
the South China University of Technology using a novel
approach. The cathode electrode material is immediately cov-
ered with the SSE suspension.’® Meanwhile, the suspension
with the solvent can penetrate into the pores of the cathode
electrode material, which perfectly solves the contact problem
between the electrode and the electrolyte (Fig. 8).

Based on their settings and electrode/electrolyte materials,
various types of solid-state electrolytes have been used. As a
result, solid-state electrolytes can be generally divided into two
categories: bulk and thin-film electrolytes. It is primarily the
thickness of the electrolyte that makes the difference. Bulk
solid-state electrolytes typically have a thickness of several
hundred micrometers to several microns, whereas thin-film
solid-state electrolytes have a thickness of several hundred
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Fig. 8 Schematic of the novel cathode-supported SSLIB in comparison with a conventional rigid SSLIB and a typical liquid LIB. (Reproduced with

permission from ref. 43).
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nanometers to several microns. Bulk solid-state electrolytes are
typically manufactured using methods including mechanical
milling, sintering and compaction, annealing, and heat treat-
ment. However, thin-film solid-state electrolytes are made by
various methods such as solution casting, atomic Layer deposi-
tion, pulsed laser deposition, spark plasma sintering, and CVD.
A novel concept of a cathode-supported solid-state electrolyte
was established with a facile tape casting technique.>* The as-
prepared cathode-supported solid electrolyte membrane
significantly improves the interfacial contact between the cath-
ode and the solid electrolyte by enhancing the wettability of
solid electrolytes onto the cathode and reinforcing interfacial
adhesion. SSLBs directly fabricated with the as-prepared
cathode-supported solid electrolyte membrane and a metal
lithium anode deliver superior battery performances over the
conventional SSLBs.>**® The cost of these batteries is still
higher, which also does not support the ongoing higher price
tag of electric vehicles across the globe. Moreover, the process
to make a solid-state battery is complex. Materials for this
technology are scarce and very expensive. Above that, there is
no standardized material used in the manufacturing process,
and moreover, no standardized process for fabrication.>® This
makes it extremely difficult for their mass production. Various
auto companies such as GM, Toyota, and Mercedes have heavily
invested in solid-state battery technology, in hopes of increas-
ing range and charging capabilities.””

4. Thin-film solid-state batteries

Thin-film battery systems, particularly Li-ion systems, have
historically been used in zero-emission automobiles, aero-
space, military facilities, and medical apparatus. The most
widely studied solid-state batteries are thin-film batteries with
Li electrolytes produced by Hitachi Co., Japan. The battery was
called the “all-solid-state thin-film battery” and incorporated a
TiS, cathode, a metallic lithium anode, and a Lis ¢ Sig.¢Po.4O4
thin-film electrolyte prepared by the RF sputtering technique.

4.1. Thin-film solid-state battery electrodes

Electrodes of thin-film batteries play an important role in the
proper performance of the battery; hence, it is essential to
choose the right electrode materials for solid-state batteries, as
shown in Fig. 9. There are a few necessary considerations for
choosing the electrode material such as: (a) the ability of the

Anode Current Collector
Cathode Current Collector
Cathode

Anode Electrolyte

Protective Casing

Substrate —

Fig. 9 Cross-section of a thin-film solid-state battery showing different
components. The substrate acts as a support on which the thin film is
usually deposited. (Reproduced with permission form ref. 37).
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material to support lithiation and de-lithiation, particularly if
the battery being designed is Li-based, (b) the theoretical
energy storage capacity and (c) a significant contact surface
area with the electrolyte for the electrochemical reactions to
occur effectively.

Materials with strong Li storing capabilities are frequently
preferred for anodes. Al, Sn, and Si alloys are ideal options
because they have reversible electrochemical interactions with
lithium and have good specific capacity, e.g., 4200 mA h g~ * for
a LiSi alloy. Among several types of high-energy-density electro-
chemical systems such as advanced LIBs, metal-air batteries,
and fuel cells currently under development, SSLBs would be the
most promising technology for large-scale storage and genera-
tion systems represent facility where security issues are of vital
importance. In addition, the non-polar architecture of SSLBs
exhibit significant performance and battery cost-effectiveness
compared to traditional LIBs. There are a series of issues
associated with thin-film batteries pertaining to the electrolyte,
interface and cathode. The two key issues are solid electrolytes
with high ionic conductivity and solid interfaces. For the
preparation of thin-film battery electrodes, sophisticated and
costly techniques are required, such as magnetron sputtering
(MS), pulsed laser deposition (PLD), atomic layer deposition
(ALD) and vacuum evaporation.”®*® The fabrication and utiliza-
tion of thin-film batteries is the current hot research topic due
to its good power density, which can be significantly increased
by the design of 3-D structures. Compared to the bulk-type
solid-state batteries, thin-film batteries exhibit higher charge/
discharge rates due to the improved contact between the thin-
film electrodes and SSEs. Some of the most promising applica-
tions of thin-film batteries include: (1) wearable devices, (2)
internet-of-things devices, (3) medical implants, (4) military
and aerospace applications, (5) energy-harvesting devices, and
(6) smart cards.®”®" Thin film battery chemistry is important to
understand the role of thickness in energy storage. This can be
helpful in developing bipolar electrodes with lesser thickness
and mass loading to achieve high performance.

5. Bipolar LIBs

The concept of a “bipolar battery”” involves the integration of
bipolar electrodes into a battery module. In theory, this tech-
nology can be used to power batteries with varying chemical
compositions. However, among different types of bipolar bat-
teries, only the lead-acid battery module has reached the
commercial production phase. LIBs with organic electrolytes
process a higher voltage output than that of the lithium
aluminum batteries (LABs) and Ni-metal hydroxide batteries
(NMHBSs) possessing an aqueous electrolyte. When bipolar LIBs
are combined with the bipolar electrodes (BEs), it will be more
competitive in the application of electric and hybrid electric
vehicles. Electric transportation requires battery packs with a
working voltage of 300-500 V.°* Such high-voltage battery packs
require several hundreds of cells to be connected in series. In
this case, the role of BEs becomes critical in order to use less
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wires for cell series connection and makes the process/design
less cumbersome. Alongside, the combination of high voltage
and high current delivery rate also enables fast acceleration and
charging behaviors.

In the electrolyte arena, a recent advancement has been
made in the direction of developing and utilizing bipolar
electrodes. Toyota created a bipolar solid-state cell stack pro-
totype and demonstrated that four layers of single unit cells
could be stacked to achieve a maximum voltage of 16.26 V.°
Gambe et al.®* also constructed a bipolar stack based on a
quasi-solid-state electrolyte and experimentally showed a stack
voltage of up to 12 V. Ito et al.*’ built a parallel solid-state cell
stack with a capacity of 1 A h by stacking three double-coated
unit cells. In parallel stacking, instead of series stacking in
bipolar plates (BP), the electrical current flows in-plane along
the current collectors (CC) to the external tabs. In the case of
series stacking, the electrical current flows from one unit cell to
the near-adjacent unit cell through the BP.

5.1. General architecture of Bipolar LIBs

For high capacity application, the battery cell is made up of
numerous unit cells associated in arrangement and/or parallel
to meet the control and vitality prerequisite. Tesla EV 100 kW h
battery framework contains ~ 8000 LIB cells. On the premise of
how unit cells are electrically associated with each other in one
module, the battery structures may be partitioned into two
categories: monopolar and bipolar (Fig. 10).

For the construction of SSLBs, it requires an electrically
conductive BP (Current collector), which works as both an
electrical interconnection and partition between the adjacent
cells.??3*34341 g ayoid internal short-circuiting, the BP
should be electrically insulated around its edges.**** Hence,
for the successful operation of batteries; (a) BP must be
chemically and electrochemically stable under the prescribed
operating conditions (Fig. 12), (b) it should be electronically
conductive for current flow between the cells without signifi-
cant ohmic losses, (c) it should be capable of maintaining good
adhesion to the electrodes with high mechanical stability
against possible expansion and contraction during charge-
discharge cycling®>™** and (d) it should show overcharge toler-
ance because in the presence of performance variation in the
constituent cells, relatively poor performing cells can have
higher states of charge at a given time than the other
cells.*>*!

5.2. Working principal of bipolar batteries

The basic concept of a bipolar battery is as follows: the negative
electrode of one cell and the positive electrode of another cell
are much closely placed together (back-to-back). The cathode
and the anode are coated on the substrate, which serves as a
seal between the adjacent cells. The electrical current flows
between the cells directly through the electrodes and the thin
conductive substrate.®® In this case, intermediate jumpers
between adjacent cells are not necessary. The cells are housed
in a common container, and one or more containers are joined
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together to form battery modules.®® The schematic of a bipolar
electrode module is provided in Fig. 10.

Bipolar electrodes offer various advantages such as simplify-
ing battery components, boosting power/energy density, and
lowering manufacturing cost. The bipolar electrodes find appli-
cations in various emerging fields such as wearable technolo-
gies, combination with solid-state electrolytes, and recyclable
batteries. Moreover, bipolar electrodes have been successfully
applied in lead-acid batteries and also nickel metal hydride
batteries, expanding their working and application
regimes.®®®” However, there are a few shortcomings associated
with bipolar electrodes regarding the issues of sealing and
serious substrate corrosion that leads to battery failure after
few cycles, which need to be considered as factors or scope for
improvements in their composition and structure.®®

6. Recent advances in the design and
electrochemical performance of
bipolar-type solid-state lithium
batteries

By obstructing the flow of ions between adjacent cells, the non-
fluidic feature of SSEs makes it possible to create a bipolar
design. Multiple cell stacking within a single package has
proven to be quite difficult; relatively few papers on multiple
cell stacking within a single package have been published. The
stacking methodologies for bipolar SSLBs based on writing are
classified into (i) the cover of free-standing SSE sheets and (ii)
the printing of SSE slurries. The primary procedure includes
the successive cover of unsupported SSE sheets and electro-
coated BPs, both of which have adequate mechanical strength.
The other procedure included layer by layer printing (coating)
of SSE slurries (inks) on electrode-coated BPs which serves as a
mechanical back. Then another unit cell is kept above the
printed one. In this section, the progress and the technical
advancements that took place in the area of the development of
bi-polar SSLBs are taken into consideration and discussed
elaborately. The major focus is kept on SSEs and their integra-
tion with bipolar architectures and how much performance
improvement is observed with this combination.>">”

Fig. 11 shows the fabricating process of a pouch-type solid-
state bipolar battery that is interfacially wetted with an ionogel.
The bipolar anode was initially made by coating the LMO
composite cathode and the LTO composite anode on both
sides of the same aluminum thwart current collector.>>>* An
ionogel antecedent arrangement was at that point splashed
onto the surfaces of the LMO composite cathode, LLZO-LTO/
LMO bipolar anode, and LLZO-LTO bilayers, individually.
Along these lines, the impregnated anodes were kept at room
temperature for 2 h in situ gelation. Later, the ionogel presented
an LMO composite cathode and an LLZO-LTO/LMO bipolar
terminal, and LLZO-LTO double layers were stacked and sealed
into a pouch cell.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagrams of (a) the monopolar design of current LIBs with liquid electrolytes and (b) bipolar design of SSLBs equipped with SEs. The
Li* and electron pathways during discharge are also indicated. (Reproduced with permission from ref. 63).
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Fig. 11 Schematic illustration of the fabrication process of the pouch-type LMO/LLZO-LTO bipolar solid-state battery interfacially wetted with the

ionogel. (Reproduced with permission from ref. 68).

Fig. 12a shows the stainless-steel triple stack with an area-
oversized current collector. The Simple bipolar setup leads to
failure even prior to cell assembly during open-circuit voltage
(OCV), as demonstrated in Fig. 12b. Initially, the three-cell
connection indicates an OCV of approximately 7.8 V (single
cell OCV of 2.3 to 2.7 V) under OCV conditions. However, after
approximately 0.6 h, the OCV decreases rapidly by 2.6 V (red
arrow in Fig. 12a, which corresponds to a single-cell voltage).

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, the OCV is failure-free at 20 °C. At 60 °C, the
molten LiTFSi/PEO can form a short circuit between two
neighboring cells, as shown in Fig. 12b. Consequently, the
two short-circuited cells act as one cell and result in a voltage
decay. In addition, the bipolar stack achieves failure-free
charge-discharge cycling performance (as shown in the
paper®®). This similar performance indicates that the design
is sufficient.
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Fig. 12 Connection of molten LiTFSI/PEO can explain the short circuit via the detrimental Li ion connection between the cells. OCV is given as a
function of time at 20 and 60 °C. Already after ~0.6 h at 60 °C, the OCV decreases by 2.6 V (this values corresponds to the OCV of a single cell), which
points to an ionic shortcut between two cells, while the OCV remains constant at 20 °C. (a) Triple stack with an area-oversized current collector (stainless
steel). (b) Setup revealing failure-free galvanostatic charge/discharge performing similar to the single cell. (Reproduced with permission from ref. 69).

6.1. Lamination of free-standing solid electrolytes for the
fabrication of bipolar-type solid-state Li batteries

From many available SSE materials, oxide-based SSE garnet-,
perovskite-, and NASICON-type structures show acceptable
chemical and structural stability under dry as well as humid
conditions at the operating temperature. High-temperature
sintering is necessary to produce SSE sheets with lower resis-
tance. Furthermore, a large cell resistance results from any
inadequate contact between the SSE sheet and the electrode. In
order to reduce interfacial resistance, various methods have
been investigated, such as the use of soft interlayers, better
known as “buffers” and improved co-sintering techniques to
create monolithic bi-layered electrode-SSE structures. Zhang
et al. fabricated a bipolar SSLB with a sintered LAGPSE pellet.
Because of the electrochemical instability of LAGP with metallic
Li, an interlayer comprising PEO-Li,S-P,Ss-P,0s was spin-
coated onto the NE side of the pellet.”® In addition, PEO-LiClO,
was incorporated into the porous PE to form three-dimensional
Li" conduction pathways in the composite electrode structure.
A two-cell bipolar stack, [Al|(+)LiFePO,|SE|Li(—)|],”* is schema-
tically shown in Fig. 13.

Even though sulfide-based SSEs suffer from various
chemical basic insecurities against dampness, they are much
considered due to their advantage over oxide-based SEs.
Sulfide-based SEs appear tall in the case of Li' conductivity,
and even in a few cases, it appears that the conductivity
matches the fluid electrolyte. A straightforward cold squeezing
handle can actuate contact between inflexible cathode materi-
als and SSEs, leading to the arrangement of the thickly stuffed
interface. In free-standing, sulfide-based SSE sheets strength-
ened with a non-woven polymer framework, a lean Li;PS, SSE

1230 | Energy Adv., 2024, 3,1222-1237

sheet (thickness ~70 pm) was arranged by coating of the SSE
slurry onto the nickel thwart. After coating, the ensuing cold
squeezing can be done onto a polyparaphenylene terephthala-
mide (PPTA) substrate, which serves as a mechanically compli-
ant platform (Fig. 14).

Bipolar electrodes work perfectly with the solid-state electro-
Iyte and their unique combination promises low cost and high
energy and power densities for solid-state batteries. Due to the
sealing process—free attribute, it leads to a simple and compact
battery configuration, thus offering a lower manufacturing
cost. The noninflammable characteristic of solid-state electro-
lytes further enhances thermal abuse resistance.®®

6.2. Fabrication and characterization of printed bipolar all-
solid-state Li-S batteries (ASSLSBs)

On top of the unit cell of the ASSLSB, a stepwise printing
process was conducted with UV curing assistance to fabricate
an ASSLSB bipolar (Fig. 15a). A single current collector (SUS
foil) was employed as a common point of contact between the
unit cells. From the cross-section SEM image obtained, it was
evident that the three unit cells had been connected in series
without any delamination or structural cracks. Apart from the
in-series connection, a printed bipolar with an inplane connec-
tion was also fabricated (Fig. 15a and b). The stepwise fabrica-
tion process of a printed bipolar ASSLSB is outlined in Fig. 15a.

Authors have manufactured a UNIST letter on a bipolar (two
cells associated in series) ASSLSB on the curvilinear surface of a
toy airplane through a UV curing-assisted stepwise printing
handle (inset of Fig. 16a). Typical charge/discharge profiles at
charge/discharge currents of 0.1C/0.1C are shown in Fig. 16a.
The bipolar ASSLSB fueled a light-emitting diode (driven) light

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of the assembling and preparation processes of SSLBs with PEGDA-based SE, and surface/cross-sectional SEM images for

for a two-cell bipolar SSLB and cycling performance of monopolar cells at
bipolar-type SSLB constructed with a hybrid SE (Lig29lag s;TiO3—PEO) and

battery components. Cross-sectional SEM image and corresponding EDS results of LiNigeC0g2Mng 20, PE on the Al/Cu cladded Bipolar Plate. (d)

Charge-discharge curves and cycling performance of bipolar-type SSLBs
ref. 63).

and worked a propeller introduced on the toy airplane
(Fig. 16b), which illustrates its potential application as
an unused sort of solid coordinate control source. In this
work, the printed bipolar ASSLSB (two cells associated in series)
was mechanically collapsed beneath different mishappening
modes (Fig. 16¢). The printed bipolar ASSLSB fueled a LED-
driven light beneath seriously collapsed states. Interestingly,
no obvious alteration in the release capacity was observed
amid the collapsing tests.”>’* The safety test for the printed
bipolar plate-based pouch cell powering LEDs is shown in
Fig. 16d.

The development of bipolar batteries faces some technical
challenges such as the internal short-circuits, corrosion sensi-
tivity of the bipolar plates, and unreliable cell stacking.” In
order to realize bipolar batteries, a series of effective strategies
are proposed: (i) developing SEs with a high Li" conductivity
and wide electrochemical windows and (ii) a stable conformal
interface between SEs and active electrodes can be built.
Bipolar battery construction demands electrically conductive
bipolar plates as current collectors, which may be suitably
provided with edge electrical insulation to prevent internal
short-circuiting.®®

© 2024 The Author(s). Published by the Royal Society of Chemistry

based on a hybrid SE measured at 60 °C. (Reproduced with permission from

The anode-free batteries, particularly Li metal-based, have
advantages in terms of the highest retrievable gravimetric/
volumetric energy densities, facile process of the anode coating
and reduced maintenance and production costs of cells.”®””
However, there are issues pertaining to the interfacial contact
resistance, curtailed ion pathway and dead lithium formation,
which can lead to unsatisfactory cation utilization upon repe-
titive cycling, and thus, affect the performance badly. Some key
strategies and prospective improvement suggestions are listed
below for achieving high-performance anode-less batteries:*

(1) An improved SEI layer in terms of mechanical strength
and flexibility is responsible for efficient ion influxes. The
commercial electrolyte does not meet the requirements; there-
fore, the formulations with novel salts, solvents, and additives
were continuously tried. However, most approaches are con-
centrated around “Edisonian”-type optimization.”® Addition-
ally, high costs of the novel electrolytes hamper their
widespread applications. Hence, the appropriate choice should
rely on the low-cost and readily available species for industrial
formulations.”®

(2) The lattice mismatch of copper with the Li foil could lead
to the formation of dead lithium. Even substrate modification

Energy Adv., 2024, 3,1222-1237 | 1231
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Fig. 15 Fabrication and characterization of the printed bipolar ASSLSBs. (a) Schematic representation depicting the fabrication procedure of the printed
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printed bipolar ASSLSBs during the 1st cycle (at a charge/discharge current density of 0.1C/0.1C) as a function of cell number. (Reproduced with
permission from ref. 73).

cannot yield the close-to-unit CE for the plating process. For pre-lithiation agent from the cathode or Li-rich substrate would
this, a Li supplementary strategy involving the introduction of a  provide extra cyclable cations and enhance the reversibility.”®*°
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Fig. 16 Application of the printed bipolar ASSLSBs. (a) Charge/discharge profiles (at a charge/discharge current density of 0.1C/0.1C) of the "UNIST"
letter-shaped bipolar (2 cells connected in series) ASSLSB directly fabricated on the curvilinear surface of a toy aircraft. (b) Photographs showing the
operation (LED lamp and propeller of the toy craft) of the printed bipolar ASSLSB. (c) Discharge capacity retention of the printed bipolar ASSLSB in various
folding modes. (d) Safety test of the printed bipolar ASSLSB (3 cells connected in series). It stably powered a LED lamp even after being vertically cut in half

and exposed to flame. (Reproduced with permission from ref. 73).

(3) With regard to characterization, there are possibilities of
catastrophic damage to the structure of electrodes due to
sensitive Li deposits or other metastable phases contained in
anode-free Li ion batteries. Thus, it is hard to detect these
signals with the conventional characterization methods. Thus,
it is expected to develop the characterization method that could
be implemented under the coupled multi-physical fields.”**!

(4) For practical applications, the anode-free batteries suffer
from insufficient Li-ion utilization and limited cycle life. As a
result, the construction of the anode-less LMB models with
balanced energy density and cycle endurance would be the
practical choice.*"**7°

7. Interfacial chemistry in solid-state
anode-free solid-state batteries

The main problems encountered in the anode-less solid-state
battery are the low capacitance and potential required for
dendritic Li plating.®” The interactions between the electrolyte

© 2024 The Author(s). Published by the Royal Society of Chemistry

and the central counter electrode (CCE) in the electrolyte phase
of a solid-state battery become even more complicated to
understand. Unlike liquid electrolytes, the capacitance of the
electrolyte to the CCE is low, thus increasing the likelihood of
dendritic Li plating. Alongside, in order to address the potential
mechanical failure of solid-state batteries due to volume fluc-
tuation, the design of a carbon copy (CC) for anode-free
batteries has become a challenging task.*?> Samsung had
announced in 2020 regarding the production of solid-state
anode-free battery, which became quite popular and attracted
considerable attention. This battery was assembled with a
LigP5Cl SSE and a sliver carbon composite was incorporated
into the as-designed CC. The CC was designed with a carbon
black ion conductor and Ag particles acting as nucleation
seeds. Plating was used to initiate an alloying reaction, which
was followed by the deposition of Li under the already depos-
ited carbon black layer. The sliver-carbon-modified CC was
able to cycle the anode-free cell >1000 times, with a CE >
99.8%. The pressure applied was ~2 MPa in order to have
proper connects, which also showed a near-stable performance.

Energy Adv., 2024, 3,1222-1237 | 1233


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00138a

Open Access Article. Published on 17 maj 2024. Downloaded on 3.2.2026. 06.46.35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy Advances Review
Table 2 Summary of the recent reports on artificial SEls for anode-free batteries

Artificial SEI Coulombic efficiency (%) Cycling stability Current density Ref.
AlLO; 98 250 cycles 3 mA cm? 86
SiOx 99.3 200 cycles 2 mA cm? 87
Graphene oxide 98 50 cycles 0.5 mA cm” 88
PEO 98.6 200 cycles 0.2C 89
garnet@PVDF 97.6 30 cycles 0.2 mA cm® 90
Ag@polydopamine and graphene oxide 98.6 60 cycles 0.5 mA cm” 91
AlL,O;@PAN 97 82 cycles 0.2 mA cm? 92

LIBs:

Electrode Materials

Exploring materials
with anodic platform
(0.8-1.0v)

NIBs:
Exploring bipolar
active materials

Enhancing electric conductivity
Improving chemical stability
Enhancing mechanical properties
Enabling compatible interface
Enlarging electrochemical Window

* Improving ionic conductivity

Fig. 17 Summary of the strategies toward bipolar cell configuration, including electrode materials, substrate materials, electrolyte materials; reproduced

with permission from ref. 93.

In 2021, Samsung reported another configuration equipped
with an anode-free solid-state electrolyte, in which bare Cu-C
was exposed via lamination and heat treatment at a tempera-
ture of 700 °C in an argon atmosphere. The laminated Cu-C
was placed on the garnet pellet. As the garnet and the Cu-C
were in close contact, only a pressure of 4 MPa was applied.®
The battery was operated at a temperature of ~60 °C. To date,
the design of an anode-less solid-state battery without any
additional artificial SEI and at room temperature and pressure
has been a great challenge. An artificial SEI layer composed of a
polymer with a near-similar texture may facilitate the operation
of an inorganic solid-state electrolyte-based anode-free battery
without additional pressure (Table 2). Nevertheless, room-
temperature operation remains a challenge for solid-state
anode-free batteries.®

8. Conclusions and perspectives of
bipolar-type anode-free Li-ion SSBs

A summary of the fundamentals of the architecture of the
bipolar battery along with its benefits and technical hurdles

are discussed. The most recent developments in the design and
production of bipolar SSLBs are elaborately communicated.
Regarding bipolar SSLBs, the focus is on their designs and
electrochemical performance, and the strategies toward bipolar
cell configuration include electrode materials, substrate mate-
rials and electrolyte materials, as shown in Fig. 17. Moreover,
architectures and electrochemical performance of bipolar
SSLBs reported in the literature are summarized in Table 3.
The SSLBs offers a basic solution, which can address the safety
concerns with the existing LIBs. With a view to develop high-
energy and high-power SSLBs, particular attention should be
paid to the following areas: (a) new advanced SSE materials
should be found with a high Li* conductivity and/or to optimize
their chemical structures, (b) the electrodes should coordinate
coherently with the SSE and active materials, (c) the trio, ie.,
electrodes, SSE and active materials, should form a continuous
network for Li" and electron flow, (d) the lithium ion movement
that can help in making further improvements in the connec-
tivity of internal components should be elucidated, (e) tougher
BP materials sustaining corrosion under altered conditions
should be developed and stabilized, (f) new designs should
be explored, e.g., using two layers of BP materials such as “clad

Table 3 Architectures and electrochemical performances of bipolar SSLBs reported in the literature

SE type SE constituent No. of cell [V] Bipolar SSB Ref.
Polymer PEGDA-PEGDMA-LITFSI 2/5.6-7.6 ~136 mA h g~* (0.5C-rate) 94
Polymer PEGDA-LITFSI 2/5.5-7.5 ~138 mA h g~* (0.05C-rate) 95
Polymer PEO-LITFSI + PVDF + Al,O3 3/9.12 NA 55
Sulfide LizPS, 2/2.0-6.4 ~8mAhg ' (14mAg™") 9
Oxide LAGP 2/5.6-7.5 ~145 mA h g~* (0.1C-rate) 70
Hybrid Lithiated Nafion + sulfolane-diglyme 2/3.2-5.6 940 mAh g ' (167.5 mAg ") 97
Hybrid PSiP-DEME-TFSI + LiTFSI 2/3.0-6.0 0.288 mA h cm ™2 (2.3 mA h) (0.036 mA cm™?) 98
Hybrid LiTFSA-TEGDME + AL,O, 2/5.0-8.0 ~100 mA h g~! (0.2C-rate) 99
Hybrid LLTO + PEO-LIiClO, 3/9.2-12.0 125 mA h g7 (~4 mA h) (30 mA g™ %) 71
Hybrid LLZO + PAN + LiPF¢-PC-DEC 5/7.5-13.5 ~1.3 mA h em™2 (102 mA h) (0.2C-rate) 100
1234 | Energy Adv,, 2024, 3,1222-1237 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Promising design strategies for realizing high-performance and
long-term stable anode-free solid-state batteries. (Reproduced with per-
mission from ref. 42).

metal” that can be equally good as the BP material because it
inherits exceptional qualities from different types of metals and
(2) lastly, modelling and simulations should be performed and
extensively used in order to create designs for batteries as well
as internal components that can store higher energy and work
well for longer operations.

Fig. 18 displays the potential design approaches for achiev-
ing high-performance and long-term stability in ALSSBs. In
particular, synergistic approaches that combine the benefits of
host structures, lithium-based coatings, protection layers, pres-
sure, and specific formation pathways appear to be interesting.
However, several key challenges should be taken into account
in order to introduce and establish ALSSBs on the market. With
this review, the authors have tried to provide a picture of the
development undergoing in the area of bipolar anode-less
batteries and their related configurational and functioning
aspects. Extensive research is still needed to explore the under-
lying mechanisms for achieving market-ready ALSSBs through
multi-scale analysis, insightful performance development, and
rational manufacturing.
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