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Polymer electrolytes (PEs), a type of solid-state electrolytes (SSEs), have been in contention for nearly
half a century to replace organic liquid electrolytes (LEs) that are used in state-of-the-art lithium-ion
batteries (LIBs). They are envisaged to accelerate the industrial-scale production of safe, energy-dense,
flexible, and thin lithium polymer batteries (LPBs). LPBs are expected to be widely employed for electric
propulsion and other futuristic applications, such as flexible electronics and the Internet of Things (loT).
Even though several polymer architectures and chemistries have been attempted so far, PEs that can
outperform LEs remain a real challenge. Apart from inadequate Li*-ion transport properties, challenges
concerning the integration of PEs and the engineering of compatible, robust, and durable interfaces and
interphases at both the electrodes of LPBs must be appropriately addressed. Recently, the in situ
polymerization process has been widely employed as a robust fabrication tool for surpassing the
intricacies related to the integration of PEs in LPBs. Hence, in this review, we focus on the in situ
polymerization processes that employ various polymerization methods (e.g., free-radical polymerization,
ionic polymerization, electropolymerization, condensation polymerization, etc.), functional monomers

Received 5th November 2020, and oligomers (e.g., acrylate, methacrylate, allyl and vinyl ethers, epoxides, etc.), and PE integration
Accepted 18th January 2021 strategies for the fabrication of lithium (ion and metal) polymer batteries (LIPBs and LMPBs). Additionally,
DOI: 10.1039/d0ee03527k this review also evaluates the approaches that have been developed until now to implement the

in situ processing of LPBs from large-sized pouch cells to flexible-/printable-batteries and even
rsc.li/ees microbatteries.

Broader context

Electrochemistry and polymer chemistry are two independent fields of science that have grown significantly over the last two centuries. Indeed, energy storage
devices, in particular rechargeable lithium polymer batteries (LPBs), demand these two strong fields of science to be indispensable and mutually constructive to
one another. An affordable polymer electrolyte (PE) with a suitable solvent-free fabrication method would revolutionize the secondary energy storage sector by
bringing in thin architecture, low cost, high energy density, eco-friendliness, safety, and durability. Even if the raw material availability is expanded and a
competitive synthesis procedure is established, transcending lithium ion batteries (LIBs) by superior LPBs is only possible through adaptive, integrated,
economic, sustainable, and upscalable processing techniques. Indeed, in situ polymerization processes will empower the engineering of competent PEs and
conformal interfaces and interphases in solid-state energy storage and conversion devices. In this review, we emphasize state-of-the-art LPB fabrication
techniques (in situ and ex situ processes), the history of polymer-based rechargeable batteries (literature from the 1830s to the 2020s), numerous classes
of monomers and oligomers, and various other innovative and modern PE processing approaches. In addition to conventional LPBs, the prospects of
various in situ and ex situ approaches that are embraced for flexible and printable batteries (screen-printing, 3D-printing, etc.) and microbatteries are also
envisaged.
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1. Introduction

Among the rechargeable battery technologies available today,
lithium-ion batteries (LIBs) are unanimously considered as the
most capable electrochemical energy storage (EES) technology
due to their high gravimetric energy density of ~260 W h kg "
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and possible energy density expansion above 500 W h kg™ *."””
Since the commercialization in 1991 by SONY, LIBs have been
extensively used in portable electronics. Indeed, LIBs are the
frontrunner technology fueling the transition of the mode of
transportation from non-renewable fossil fuel-based internal

Bihag Anothumakkool graduated
from Madurai Kamaraj University,
India, and obtained his PhD in
Chemical Science from CSIR-
National Chemical Laboratory in
2015 under the guidance of Dr
Sreekumar Kurungot. After a Post
Doc in lithium-ion capacitors at the
University of Nantes, France, with
Prof. Thierry Brousse, he joined a
second Post Doc with Prof. Martin
Winter in 2017 to research lithium-
ion batteries at MEET, University of
Muenster, Germany. After com-
pletion, he joined as a research scientist at TNO-Holst Centre,
Eindhoven, in 2018 where he carries out research development on
next-generation lithium-ion batteries.

Bihag Anothumakkool

Martin Winter currently holds
a professorship for ‘‘Materials
Science, Energy and Electro-
chemistry” at the Institute of
Physical Chemistry at Muenster
University, Germany. The full
professorship developed from an
endowed professorship funded by
the companies  Volkswagen,
Evonik Industries and Chemetall
(today: Albemarle). He is a
Director of the MEET Battery
Research Center at Muenster
University and the Helmholtz-
Institute Muenster (HI MS) “Ionics in Energy Storage’, a branch
of Forschungszentrum Jiilich. Martin Winter is the spokesperson of
German Battery Research, and present speaker of the National
Project Alliance ‘‘Batterie2020”. Currently, he holds several
president and chairman positions in scientific societies and is the
recipient of 50 awards and recognitions.

Martin Winter

Energy Environ. Sci., 2021, 14, 2708-2788 | 2709


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee03527k

Open Access Article. Published on 11 February 2021. Downloaded on 6/13/2026 3:03:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Review

a) b)

High

} Anode

} Separator

Cathode

=
52
4=
=
Q
=
s
=]
o
o
o2
g
5]
2

Aluminum SEI

. Cathode active material
‘ Anode active material

® Conductive carbon

Relative values of requirement

Low

Transference number

Thermal stability
Chemical stability
Eco-friendly
Wettability
Fabrication ease

Mechanical strength
Dendrite resistance

Electrochemical stability

- Liquid electrolyte
U5\ Binder CEI

S

Types of requirement

Fig. 1 Schematic illustration of the components of the (a) state-of-the-art LIB cell and (b) fundamental requirements of an ideal electrolyte system.

combustion engines (ICEs) to the prospects of electromobility.®°
For example, a standard ICE burns an average of ~5.5 L of
gasoline for 100 km distance, and the same amount of fuel
corresponds to 50 kW h of energy.'® From the equal amount of
energy stored in an LIB, an electric vehicle (EV) travels ~312 km,
which means that, in practical terms for 100 km, an EV con-
sumes only 16 kW h of energy."" This indicates that an LIB with
an electric motor is at least three times more efficient than a
gasoline-powered ICE. Besides, the “lost” part of the energy
(~34 kW h) from gasoline results in unproductive work, mostly
heat. Therefore, LIBs are envisaged to contribute immensely
towards the flourishment of sustainable means of transportation
in the form of EVs and lower environmental hazards. Moreover,
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the efforts to implement LIBs for smart/green grid (stationary)
energy storage systems assure effective intermittent and reliable
energy generation, transmission, and distribution, through inter-
mediate storage, thus further improving the goals of a sustain-
able lifestyle. In 2019, considering the development of LIBs and
its impeccable impact on modern society, John B Goodenough,
M Stanley Whittingham, and Akira Yoshino were conferred with
the Nobel Prize in Chemistry."?

A typical LIB is composed of an anode (negative electrode),
cathode (positive electrode), organic liquid electrolyte (LE), and
separator, as demonstrated in Fig. 1la. Li'-ion intercalating
compounds (e.g., graphite),">'" alloying materials (e.g., Si and
Sn),">'® and (nanoscale) metal oxides (e.g., LisTisO1,, TiO,, and
Fe,0;)" are often employed as the anode. Lithiated layered
transition metal oxides [e.g., LiNi,Mn,Co,0, (NMC), LiCoO,
(LCO), and LiNi,CoyAlL,O, (NCA)] in several compositions, olivine-
type metal phosphates [e.g., LiFePO, (LFP) and LiMnPOQ,], spinel
oxides [e.g., LiMn,O, (LMO) and LiMn,Ni,O, (LNMO)], etc., are
popular amongst the available cathodes.'®'® Linear (e.g., dimethyl
carbonate, DMC) and cyclic (e.g., ethylene carbonate, EC)
carbonates in numerous compositions are exploited as electrolyte
solvents, which in conjunction with lithium salts of perchlorate
(e.g, LiClO,), fluoroborate (e.g., LiBF,), fluorophosphate (e.g,
LiPFs), sulfonylimide (e.g:, LiFSI and LiTFSI), etc., form the typical
organic LEs. 1 M LiPF¢ in EC:DMC is a classic example of a widely
used organic LE.”® Porous single- or multi-layer polyolefin sheets
(e.g., Celgard™) or glass-fiber mats are often used as the
separator.>** Further, LIB electrodes contain binders,** con-
ducting additives,**® and current-collectors.””*®* The main
feature of a binder is its ability to hold together the electrode
particles containing the active material and conductive additives
such as carbon black (e.g:, Super P® and Super C*). Also, binders
enhance the adhesion of electrode components to the respective
current-collectors (Cu for the anode and Al for the cathode).®
Indeed, poly(vinylidene difluoride) (PVdF) and its copolymer
poly(vinylidene difluoride-co-hexafluoropropylene) (PVdF-HFP)
are the most widely used binder materials.*”

Organic LEs are an integral part of LIBs, playing the funda-
mental role of Li*-ion conduction between the electrodes.’* >

This journal is © The Royal Society of Chemistry 2021
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Additionally, the LEs facilitate the formation of stable surface
protection layers, e.g., the solid electrolyte interphase (SEI)**
and cathode electrolyte interphase (CEI)** on the respective
electrode surfaces (see Fig. 1a), paving the way for reversible
Li*-ion shuttle.*’*>~*° The most relevant requisites for an ideal
electrolyte are depicted in Fig. 1b, where every requirement is
graded according to its relevance in delivering optimum per-
formance in LIB cells. Nevertheless, LEs hold several inherent
limitations, including the possibility of electrolyte leakage, a
narrow range of operation temperature (5 to 45 °C), and a
probable fire hazard during cell-failure through overcharging
or dendrites [also called High Surface Area Lithium (HSAL)
mediated cell short-circuit].*'™** Besides, from a technological
perspective, the electrochemical stability issues associated with
the LEs combined with high-voltage nickel-rich cathodes are
a significant concern to be resolved from a technical stand-
point.*® The recent developments in aqueous electrolytes made
of a high concentration of lithium salt (also called ‘water-in-
salt’) are envisaged to emulate the success of LIB technology of
the 1990s.®*” Furthermore, aqueous electrolytes can address
the environmental and safety concerns about the use of inflammable
organic solvents. However, the research is in the early stage and yet
to flourish beyond the lab-scale.

Affording the future energy demands for high energy appli-
cations like long-range EVs and grid-storage, the energy density
of state-of-the-art LIBs should be increased beyond a value of
>500 W h kg™ . Theoretically, the energy density of an LIB cell
can be increased by 57% by doubling the capacity of a positive
electrode. However, achieving high capacity beyond existing
state-of-the-art materials at the cathode level is a monumental
task. Indeed, high-voltage cathodes with high capacity require
compatible electrolytes with high oxidative stability. Interestingly,
a ten-fold increment in the capacity of a negative electrode can
also result in a large increase (~47%) in energy density.*s°
Therefore, the replacement of graphite (theoretical capacity
of 372 mA h g ') by a Li-metal anode (theoretical capacity of
3860 mA h g~ ")*' can elevate the energy density of the resulting
battery with the existing cathode materials and chemistries. In
this aspect, LIBs that use Li-metal as the anode are receiving
popular attention and are called lithium metal batteries (LMBs).

The complications arising from the currently pursued
organic carbonate-based LEs against the Li-metal anode owing
to HSAL growth are a grave concern, which is preventing the
commercialization of LE-based rechargeable LMBs (LE-LMBs).>>™>*
Even tailor-made LEs (highly concentrated solutions, fluorinated
solvents, specialty additives that form a fluorine-rich SEI layer,
etc.), which can control and modify the Li-metal surface by the
formation of artificial SEIs, cannot fully avoid HSAL-related cell
failure during long-term cycling. Such efforts require further
optimizations and validations. In realistic conditions, where the
LE amount is restricted below 3 g¢ A h™* and the areal capacity to
be achieved is in the range of 2-5 mA h cm ™2, HSAL related issues
become severe.® By a simple calculation, one can understand that
2.0 mA h em™? equivalent Li deposition corresponds to ~10 pm
thick layer of Li, whereas an equivalent of 5 mA h cm™> leads to
~25 pm thick layer at the Li-metal anode. Additionally, porosity or

This journal is © The Royal Society of Chemistry 2021
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voids formed during the Li plating/stripping processes will
increase many fold the actual volume of the Li-metal anode in
an LE-LMB. Hence, the continuously evolving Li-metal surface,
volume expansion arising from Li deposition, short circuits
induced by HSAL formation, and thin separator layer compli-
cate the adaptation of LE-LMBs to commercial applications.
Besides, the in situ formation of artificial SEI layers to protect
the Li-metal surface within the cell housing by using a lower
amount (<3 g A h™") of LE may induce excessive consumption
and decomposition of solvents. Hence, the harmful side products
formed, such as gases or even small organic molecules, may
further catalyze the exothermic decomposition of the electrolyte
components, resulting in increased cell impedance, short-circuits,
and fire hazards. For example, HSAL growth induced failure of
an LE-LMB cell during repeated charge-discharge cycling is
schematically represented in Fig. 2, where a needle-like HSAL
deposition piercing through the separator to induce a short-
circuit is depicted.>

The ongoing intricacies associated with LEs have propelled
the concept of solid-state electrolytes (SSEs) for LIBs and LMBs,
resulting in the development of two major classes of solid-state
systems, namely, polymer electrolytes (PEs) and inorganic
solid-state electrolytes (ISEs). The primary objective of invoking
SSEs for LIBs and LMBs is to address the safety concerns
associated with organic LEs. Besides, the use of SSEs in place
of LEs will facilitate the design of safer, flexible, durable,
thinner, lightweight, leak-free, and easy to fabricate solid-state
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Fig. 2 The HSAL (needle-like)-incited failure of an LE-LMB cell during
repeated charge—discharge cycling.
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LMBs and LIBs. It is anticipated/hypothesized that Li'-ion
conducting SSEs with shear modulus values higher than
Li-metal (G’ > 3.4 GPa) can hinder HSAL growth during
repeated charge-discharge steps in solid-state LMBs.>®®* Therefore,
SSEs combined with thin Li-metal anodes (thickness <20 pm) can
potentially fuel successful commercialization and widespread
implementation of rechargeable solid-state LMBs. Fig. 3a—c depict
the overall transformation of an earlier model of an Li-metal
anode|LE-based primary LMB (pLMB) and LE-based rechargeable
LMB (LE-LMB) (1st generation) to the state-of-the-art Li-metal-free
anode (e.g., intercalation)|LE-based LIBs (2nd generation), and lastly
to the most recent Li-metal anode|SSE-based rechargeable
LMBs (3rd generation). In the context of this review, for simpli-
city, the term ‘lithium battery (LB)’ is used to represent all types
of battery cells that make use of Li-based electrochemistry.
When a PE is used as the SSE in the LMB configuration as

b)
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shown in Fig. 3c, such solid-state LMBs are called lithium metal
polymer batteries (LMPBs). Similarly, LIBs with a PE replacing
the conventional LE are called lithium-ion polymer batteries
(LIPBs). Besides, the term ‘lithium polymer battery (LPB) is
used to generalize all PE-based LIBs and LMBs. The innate
components such as SEI and CEI layers that are formed during
the initial cycles of an LIB (Fig. 1a) apply to LPBs as well.

The synthesis and upscalability of PEs will be of paramount
importance when LIPBs and LMPBs are considered for large
scale production and commercialization. PEs for LPBs have
been extensively reviewed in the past.®’"°® Indeed, excellent
reviews are available discussing the different types of PEs such as
gel polymer electrolytes (GPEs), polymer composite electrolytes
(PCEs), and solid polymer electrolytes (SPEs).®”* Thorough
overviews of the types of polymer hosts (such as PEO and PEO-
free hosts) used in the preparation of PEs are also available.”>”*
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Fig. 3 Different generations of LBs and their features: (a) early generation LE-based primary and secondary (rechargeable) LMBs (pLMBs and LE-LMBs);
(b) state-of-the-art LE-based rechargeable LIBs; (c) rechargeable LMBs with an SSE (ISE/PE) (when the SSE used is a PE, such LMBs are called LMPBs); and
(d) schematic representation of key milestones in the evolution of PE-based energy storage devices.

2712 | Energy Environ. Sci.,, 2021, 14, 2708-2788

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee03527k

Open Access Article. Published on 11 February 2021. Downloaded on 6/13/2026 3:03:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Besides, a few available reviews address the fundamental aspects
of order and disorder, and ion transport models of PEs.”>”®
These attempts mainly covered various types of PEs, their
synthetic methods, and fundamental aspects in detail. However,
reviews addressing the fabrication of LIPBs and LMPBs emphasiz-
ing the importance of processing methods, which significantly
influence the electrode|electrolyte interfaces, interphases, and
electrochemical performance, are scarce. Hence, understanding
and segregating the bits and pieces of PE research from the LPB
cell fabrication/processing point of view is vital, and, through
this review, we are narrowing down this knowledge gap.

The primary objective of this review is to comprehensively
discuss the reports on LIPB and LMPB cell fabrication methods
focused on improving the electrode|electrolyte interface and
interphase using the in situ polymerization process (explained
in Section 4.2). A concise understanding of the enormous
amount of scientific research activities carried out in the past
four decades on the in situ processing of LBs can leverage their
prospects of practical implementation and industrial-scale
production. Hence, many of the available reports are comprehen-
sively compiled, considering the type of in situ processing approach
adopted and the polymer hosts used. The potential of the in situ
process in futuristic microbatteries, and printable- (e.g:, 3D-printed),
and flexible-LPBs is also discussed at the end.

2. History of LBs: liquid electrolytes to
polymer electrolytes

The significant milestones in the evolution of solid-state electro-
lytes for various EES devices through history are presented in
Fig. 3d.””"®° Solidification of electrolytes for improving portability
and preventing leakage of liquid components has been known
since the 19th century. Michael Faraday, in the 1830s, discovered
ionic conduction in solids for the first time.®"** Carl Gassner, in
the 1880s, improved Leclanché cells by introducing the concept
of ‘electrolyte jellification’ using plaster of Paris as the solid-state
host.®* Several other inventors later improvised the concept by
employing jellified semi-solid electrolytes made of cellulosic
materials (e.g., sawdust), bio/natural polymer-based soluble
thickeners (e.g, starch, agar paste, etc.), simple cloth or starch-
coated paper as the separator, etc., in various Leclanché cells/dry
cells/Daniell cells.**®” These reports dating back to the 19th
century indicate the momentous importance of solidification/
immobilization of the electrolyte in EES devices.

During the 1950s, there have been observations regarding
the formation of a passivation layer on the surface of highly
reactive Li-metal when immersed in organic solvents.**~°° This
surface passivation layer was later investigated in detail by
Peled et al. and later named the SEL°*~*° This SEI layer could
prevent the continuous oxidation of Li-metal in the organic LE.
Further research paved the path towards the conceptualization
and commercialization of 1st generation LMBs (Fig. 3a) during
the period of 1960-1970s, which comprised a thick Li-metal
foil as the anode, an organic LE, and a cathode amongst transi-
tion metal halides (e.g:, CuCl,), oxides (e.g:, MnO, and MoS,),

This journal is © The Royal Society of Chemistry 2021

View Article Online

Energy & Environmental Science

SOCl,, SO,, etc.””?°1°° However, the commercialized LMBs were
LE-based pLMBs (Fig. 3a). When attempts were made to convert
these pLMBs into rechargeable configurations, the morphological
instability of Li-metal during the repeated charge-discharge cycling
prevented the realization of safe, reliable, and rechargeable
LE-LMBs. Nevertheless, these early models opened several new
opportunities and challenges that led to modern-day recharge-
able LIBs and LMBs.

Ever since the commercialization of pLMBs, enormous efforts
were dedicated to transforming the model into a rechargeable
one. The major part of the research was focused on tuning LEs
and cathode materials, through which efficient 1st generation
LE-LMBs (Fig. 3a) were expected to be realized (during the 1960s
to 1980s)."'7'%* Several breakthrough discoveries leading to
state-of-the-art electrode materials and electrolytes used in con-
temporary LIB cells were the result of continuous research focused
on developing safe LE-LMBs. For instance, the introduction of
intercalation cathodes by Whittingham et al'°>'°® and the
development of LiCoO, (LCO) by Goodenough et al.'®” were
achieved during the period of the mid-1970s to the beginning
of the 1980s (for details about the history of electrolytes, salts
and cathode materials used in LBs, follow the referenced
articles®™'%%"'*%), However, the inferior cycling life and unsafe
operation of the then-designed LE-LMB models remained as
the primary bottleneck, mainly due to the fire hazards and cell-
failure arising from the HSAL growth at the anode
side.'®*'"*71*2 1n fact, several manufacturers (e.g., Moli Energy)
recalled some of their commercialized LE-LMBs from the
market due to fire hazards and malfunctioning of the associated
devices, which ended the general curiosity on the same.”®**?
However, it should be noted that, even today, many of
the pLMBs developed during the 1970s and 1980s, such as
MnO,|LE|Li and C|LiAICl, in SOCI,|Li, still have their market-
share for niche applications.””

The quest towards developing safe anodes other than
Li-metal led to the 2nd generation of LBs, currently known as
LIBs, which were commercialized by SONY in 1991 (Fig. 1 and
3b). The state-of-the-art LIBs use a graphite-based intercalation
anode. Unlike the reactive Li-metal, graphite can facilitate a
stable SEI with the organic LE, hence preventing HSAL growth
and cell-failure under normal service conditions. During the
mid-1970s, Besenhard et al. proposed, for the first time, the
concept of reversible electrochemical intercalation of alkali metal
ions into graphite from organic LEs."”*""*® Several reports followed
this discovery and developed different types of carbon-based
materials that are capable of reversible Li-intercalation.'?” 33
In 1977, Basu et al put forward the preparation of stage 1
Li-intercalated graphite (LIG)"*®'*” with a high-temperature
physical method that paved the path towards the development
of LiC¢ anode as an alternative to Li-metal at Bell Labs.'3%13°
Later, Rachid Yazami in 1983 demonstrated the simple but
groundbreaking phenomenon of electrochemical intercalation
of Li*-ions into a graphite host from a poly(ethylene oxide) (PEO)-
based dry polymer electrolyte (DPE), for which he is often con-
sidered as the inventor of the graphite anode for LIBs.'*>'*%™!
Ultimately, Akira Yoshino from Asahi Kasei Corporation is credited
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as the inventor of the modern-day LIB, as he engineered the first
practical prototype that operates through a dual-intercalation
mechanism in LEs followed by commercialization in 1991.'*>
Compared to 1st generation LMBs (pLMBs and LE-LMBs), LIBs
are safe and long-lasting despite their lower energy density, which
is compromised due to the replacement of Li-metal with a graphite
analog."**'** Conversely, the new developments in LIBs include
alternative materials such as alloying (e.g., silicon and tin) and
conversion anodes [e.g., transition metal oxides (TMOs)] as close
competitors to graphite for enhancing the energy density."*>"*¢
From a practical perspective, since commercialization in 1991, the
configuration of state-of-the-art LIBs has not undergone major
changes. Although several new materials (high-energy anodes and
cathodes, better lithium salts, solvents, separators, etc.) have
emerged, the basic configuration of LIBs remains the same.
With the inception of SSEs (PEs and ISEs), the possibility of
realizing safer, thinner, durable, and energy-dense solid-state
LMBs possessing rechargeability has sprouted again (Fig. 3c,
3rd generation).

Ion conduction through polymer hosts has been known for
nearly half a century.®® The first example was PEO-based alkali
metal (Li or K) ion conducting PEs (historically called DPEs),
which were first introduced by P. V. Wright et al. in the 1970s,
and later this research field flourished and was independently
recognized with the critical contributions from Armand et al.**""**>
In the case of PEO, the polar heteroatoms (oxygen) of ethylene
oxide (-EO-) chains facilitate the solubility of electrolyte salts, and
the transport of these dissociated ions occurs through ion hopping
and polymer chain segmental motion. Generally, the ion mobility
induced by polymer chain segmental motion occurs above the
glass transition temperature (T,) of the constituent polymer
host.1537155

Ideally, PEs are envisaged to be superior compared to ISEs
(glass electrolytes, ceramic electrolytes, etc.) due to their low
cost, ease of synthesis and processing, and excellent mechanical
properties.’>'**'%% Indeed, many available fast and single-ion
conducting ISEs are known for their instability against
Li-metal.”»">?7'®" Further, high grain boundary resistance and
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processability are the immediate challenges that impede the
application of ISEs in solid-state LIBs and LMBs.'*>'®* None-
theless, ISEs based on sulfides (e.g., Li;P5S;,) are an exception as
they display excellent ionic conductivity >1 mS cm ™' at
RT'®*'%® and a low activation energy of 12 kJ mol™" for Li*-ion
transport.'®® Unfortunately, the narrow electrochemical stability
window of sulfide electrolytes is a drawback, which demands
artificial SEIs or separate polymer layers in practical applications.'®®
Additionally, the sensitivity to air and moisture requires careful and
precise processing conditions and stringent safety regulations
(mainly due to sulfur). Moreover, the molar concentration
(mol L") of lithium required in ISEs is at least one to several
orders of magnitude higher than organic LEs or PEs (see
Table 1).%” Thus, the overall research towards improving ISEs
is in its early stages, and detailed overviews are available
elsewhere.'®”'%® Ultimately, the flexibility, low cost, and ease
of processability of PEs enable them to be one of the suitable
choices for futuristic solid-state LPBs. It is also reported that
the flexible nature of PEs has another advantage of tolerating
the volume changes occurring in the electrodes and minimizing
HSAL growth and related SEI layer rupture during the charge-
discharge cycles."®"7* Indeed, such characteristics can reduce
the risks/hazards related to short-circuits to an extent.

3. Polymer electrolytes

PEs can be broadly classified into dry polymer electrolytes (DPEs)
and gel polymer electrolytes (GPEs), as shown in Fig. 4.9
However, the classification of PEs is not straightforward. Indeed,
different terminologies have been interchangeably used for
addressing similar PEs. For example, the term DPE is not so
popular despite being used in several earlier reports since its
inception by Wright et al. and Armand et al. in the 1970s. In
recent times, the popular terminology of solid polymer electrolyte
(SPE) has almost replaced the term DPE, which covers all the PEs
that are free from any additional liquid/liquid-like plasticizer
components. In PEs, if the ionic conduction is predominantly

Table 1 Lithium concentration (mol L™ and ionic conductivity (at room temperature) comparison of LEs and SPEs against generally used ISEs
(reproduced/adapted from ref. 87 with permission from IOP Publishing, Copyright 2019)%”

Name Formula Li concentration, mol L™* Tonic conductivity, mS ecm ™
LE

LP30 1 M LiPF, in EC:DMC (1:1) 1.0 Ca. 11.2 (25 °C)'”

Solid polymer electrolyte

PEO P(EO),oLiTFSI 11 Ca. 0.36 (60 °C)'7°

Inorganic solid electrolytes

Oxide

LLTO Liz 3Lag 56TiO5 81.3 Ca. 1-0.01 (27 °C)"”7

LLZO Li,LasZr,01, 41.3 Ca. 0.2 (25 °C)'7®17°
LISICON-family Li;4ZnGe,Oq¢ 66.7 Ca. 107°-10"* (25 °C)'°%180:181
Phosphate

LATP Li; 3Alg 5Tiy 7(POy,); 10.0 Ca. 3-0.7 (25 °C)'#>183

Sulfide

Agyrodite LisPSsBr 40.1 Ca. 1-10 (25 °C)'8+18¢
Li,S-P,S; polyhedra Li,P5S14 28.0 Ca. 17 (25 °C)"¥’

Li,S-P,S; crystalline LiyP,Se 14.9 Ca. 7.8 x 1078 (25 °C)'®®
LGPS Li;oGeP,S1, 34.7 Ca. 12 (27 °C)'®
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Fig. 4 Simplified classification of various PEs and conventional terminologies from a historical perspective (RU is the repeating unit of a polymer chain).
A schematic illustration of major classes of PEs is also presented. (1) Classical DPEs/SPEs consisting of a polymer host and salt, (2) GPE/quasi-solid-state/
plasticized PEs, (3) PCEs/PNCEs, (4) HPEs, (5) cross-linked PEs, and (6) SIC-PEs.

occurring in the liquid phase and is partially decoupled from the
segmental motion of the polymer chains, they are called GPEs.
The terminology of GPE is often used to represent plasticized
and quasi-solid-state PEs as well. However, the distinction is not
well-defined in the literature. If the liquid content in a PE is very
low so that the ionic conduction mechanism is majorly coupled
with the polymer chain segmental motion and hopping, such
PEs are often called plasticized PEs. In such systems, the added
liquid is acting mainly as the polymer host softener, which may
not necessarily involve directly in ion conduction. In the case of
quasi-solid-state PEs, the liquid content is in between GPEs and
plasticized PEs, where the ionic conduction is significantly
contributed by both the polymer host and the added liquid
moiety. In any case, the liquid components (e.g., commonly
used carbonate solvents in LEs) added into the polymer matrix
are generally considered as plasticizers irrespective of their
amount as they influence the polymer processing and their
physical properties (Fig. 4(1)). Other than these conventional
liquid plasticizers, molecules such as plastic crystals, liquid
crystals, and oligomers of PEO and glymes with a low melting
point [they are in a viscous/waxy state at RT and can be called
liquid-like components] are also employed as plasticizers in
PEs. Hence, the obtained PEs can also be included in the
category of plasticized or quasi-solid-state electrolytes. PEs with
plastic crystals and liquid crystals are often specifically called
plastic crystal PEs (PCPEs) and liquid crystal PEs (LCPEs),
respectively. In the context of this review, quasi-solid-state
electrolytes and plasticized PEs are also considered in the
category of GPEs as it is the most popular term used in literature
reports. The terminology of plasticizer is not exclusively restricted to
liquid/liquid-like components. Solid-plasticizers such as inorganic

This journal is © The Royal Society of Chemistry 2021

nanofillers (e.g., ceramic, glasses, etc.) are also used for tuning
the properties of PEs. Even internal plasticization from side
chains/functional groups of the polymer host is also possible.
Such PEs with solid plasticizers/internal plasticizers are con-
sidered in the category of SPEs as the criterion of the absence of
a liquid/liquid-like plasticizer component in the final PE is
satisfied. However, even these SPEs can be easily transformed
into GPEs by an activation process such as swelling/soaking or
pre-incorporation by LEs. Ultimately, a variety of PEs such
as polymer composite electrolytes (PCEs), hybrid polymer
electrolyte (HPEs), single-ion conducting polymer electrolytes
(SIC-PEs), reinforced polymer electrolytes, cross-linked polymer
electrolytes, and so forth and so on are possible to be realized,
which can be either SPEs or GPEs depending on the processing
steps and components involved (Fig. 4)."*'°> Detailed classi-
fication of PEs and further discussion on their properties are
available elsewhere.®>%%1721967199

SPEs/DPEs

In a typical DPE, the salt is dissolved solely by the host polymer
matrix without any external liquid/liquid-like plasticizers (Fig. 4(1)).
The ion conduction occurs within the polymer host either by
segmental motion or hopping, or both.”® PEO and several other
commonly available polymer hosts such as poly(methyl metha-
crylate) (PMMA), poly(vinyl acetate) (PVAc), poly(carbonates),
PVdF, PVdF-HFP, poly(acrylonitrile) (PAN), and so on are used
for the preparation of DPEs.”* However, the ionic conductivity
remains very low (<107 > S em™ ! at RT) due to the inferior ion
transport characteristics of these predominantly crystalline
polymer hosts at ambient temperatures (PEs with nearly 100%
crystallinity are also called crystalline PEs).***°! Possessing a
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lower T, value and improved polymer segmental mobility can
facilitate ionic conduction in DPEs.”** This relationship between
T, and the amorphous nature of the polymer host fueled research
on tweaking the polymer host’s amorphous nature to enhance the
ion mobility”>*%*°* 5o that DPEs possessing ionic conductivity par
with LEs are expected to be achieved.’*>*°® The amorphous
character of a polymer host in a DPE can be tuned by adding
solid-plasticizers, by introducing cross-links and interpenetrated
polymer networks, or by constructing block copolymer architec-
tures. Indeed, every approach reduces the crystallinity leading to
the development of various sub-classes of PEs (shown in Fig. 4).
Fig. 4 also schematically illustrates various types of PEs commonly
discussed in the literature reports. As already discussed, this review
opts for the term SPE to represent DPEs and all other related PEs
devoid of liquid/liquid-like components in line with the modern-
day literature reports.

Innovation in SPEs can be achieved by adopting various
interdisciplinary approaches. For instance, as the polymer host
architecture can influence the electrolyte chemistry, especially
the segmental motion of the polymer chains, creating novel
polymer hosts such as block copolymers and polymer brushes,
blending of two or more polymers, and preparation of semi- or fully-
interpenetrated polymer networks, covalent organic frameworks
(COFs), cross-linked polymers (Fig. 4(5)), and organic-inorganic
hybrid copolymer systems are all of prime importance.>*”>'?
An array of targeted, precise, and innovative polymer hosts and
architectures can be synthesized using controlled polymerization
techniques such as Reversible Addition Fragmentation Chain Trans-
fer (RAFT) polymerization and Atom Transfer Radical Polymerization
(ATRP) or simple anionic, cationic, and free-radical polymerization
techniques.”*>'® Besides, SPEs can be polymer-in-salt (rubbery
electrolytes) and salt-in-polymer systems (a rarely used terminology).
In the former, the weight percentage of the Li-salt exceeds 50 wt% of
the polymer host, whereas it is vice versa in the latter.*'*>>!

Preparation of SPEs as polymer nanocomposites (PNCs) with
suitable inorganic nanofillers [e.g:, SiO,, LiAlO,, MgO, MgAIO,,
Ce0,, TiO,, metal-organic frameworks (MOFs), MXenes, BN, clay
minerals, etc.] has also been attempted, and such classes of electro-
lyte systems are known as polymer composite electrolytes (PCEs) or
polymer nanocomposite electrolytes (PNCEs) (Fig. 4(3)).%%7¢:2227230
These nanofillers in the right proportions enhance the thermal
properties, interfacial adhesion, and electrochemical and ion con-
duction characteristics. In PCEs, the nanofillers aid the Li*-ion
transport through the functionalities (such as hydroxyl groups)
and net charge present at the surface. These nanofillers also interact
with polymer chains and modify their physical characteristics such
as crystallinity, modulus, and flexibility. Thus, these nanofillers used
in PCEs can also be considered solid-plasticizers as already dis-
cussed when used in low concentrations. Another family of PCEs,
which has an individual identity and is gaining recent importance,
is hybrid polymer electrolytes (HPEs). HPEs are produced by the
interdisciplinary combination of organic and inorganic chemistry,
where ISEs (e.g., LAGP, LLZO, LATP, etc.) are used as fillers so that
they can also take part in ion conduction (Fig. 4(4)).>**>*

The latest addition to the SPE family is polymeric lithium salts
in which the mobility of anions is restricted by incorporating
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negative charge into the repeating units of either the polymer
backbone or the pendant chain. They are mostly adopted for the
preparation of single-ion conducting PEs (SIC-PEs) (Fig. 4(6)).>*%>*
In such systems, a high Li'-ion transference number (0.8 < Ty < 1)
can be achieved due to the presence of immobilized anions as the
only mobile species is the cation. Additionally, the salt concentration
gradient (concentration polarization effect) is minimized at high
charge-discharge rates due to the presence of only one type of
charged species at the electrode|electrolyte interface. A similar effect
can also be achieved by trapping the anions using anionic trapping
agents such as boron-based Lewis-acids, macromolecules (e.g,
calix[4]arene and calix[n]pyrroles), and anion-grafted/co-grafted
inorganic particles, which can be incorporated into the polymer
matrix as an additive to improve Ty;+.62*%72%3 polymerized ionic
liquid-based block copolymer hosts exhibiting a polyelectrolyte
nature are also popular among SPEs.**®>*® However, bringing the
ionic conductivity of SPEs to the order of LEs is yet to be achieved.
Still, all the aforementioned efforts have resulted in a pool of new
polymers that can surpass the classical PEO as the primary host.

GPEs

The practical complexities related to the low ionic conductivity
of SPEs are overcome by introducing the concept of GPEs. In a
GPE,”® along with a polymer matrix and a conducting salt, a
liquid solvent/liquid-like plasticizer is also used, which in turn
increases the amorphous regions in the polymer matrix and
enhances the ion transport (Fig. 4(2)).”>**° In other words,
GPEs combine the advantages of both SPEs and LEs with high
ionic conductivity and solid-like mechanical stability. This
concept was first coined in 1975 by Feuillade et al.>*° In contrast
to SPEs, in GPEs (including plasticized and quasi-solid-state PEs),
the ion conduction occurs through the synergistic contribution
from both the plasticizer and the polymer phase. However,
provided that the GPE is made from a surplus quantity of liquid
solvent, the assistance from the polymer host towards ion con-
duction and mechanical property enhancement will be minimal.
Nevertheless, the scope of GPEs is broad compared to SPEs, as
many other electrochemical devices such as supercapacitors and
solar cells prefer GPEs due to the possibility of achieving
improved interfacial contact arising from the presence of a
certain degree of LE-like character.”*’>>® The use of cross-
linked, interpenetrated, and block copolymer hosts is explored
to improve the LE or solvent retention capability in GPEs.
However, the non-realistic addition of a liquid component to
boost the electrochemical performance will compromise the
safety aspects targeted for GPEs due to the decreased mechanical
properties (e.g., low tensile strength, shear modulus, Young’s
modulus, etc.). Thus, the weight percentage of the liquid phase in
GPEs is an important parameter to be taken into consideration.
Indeed, an ideal GPE for LPBs is expected to possess high ionic
conductivity with the least amount of liquid component incorpo-
rated in it. Similar to composite SPEs, composite GPEs (gel-PCEs)
are also popular, which can to an extent compensate the dis-
advantages imposed by the presence of extra solvents.”>*>*¢

In many cases, the polymer hosts used in SPEs are also used
for the preparation of GPEs.®***”>*° Carbonate solvents, glymes,

This journal is © The Royal Society of Chemistry 2021
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low molecular weight poly(ethylene glycol), etc., are used for the
activation/plasticization of the polymer matrix.>**>*> Besides,
room-temperature ionic liquids (RTILs) are used as a safe alter-
native to low boiling point plasticizers, and several studies have
been carried out in this direction.”®>>%” RTILs as a plasticizer are
an interesting case for several reasons. Firstly, these organic salts
are liquid at RT, whereas a conventional salt like LiTFSI is solid.
Secondly, RTILs can act as a liquid plasticizer to reduce T, of the
polymer host and, at the same time, can facilitate ion transport.
Finally, these are high boiling solvents with negligible vapor
pressure; hence, even after being employed as an organic liquid
plasticizer, fire hazards can be avoided. The addition of RTILs
into a polymer matrix and the classification of the resulting PE
is an unresolved debate yet. In many literature reports, it is
considered as a quasi-solid-state PE, but several others referred
it as an SPE since RTIL by itself is a salt. The term ionogel PE
(IGPE) is also often used to consider it as a separate class of
PE.>®®2%° The major issues with IGPE systems are their high
cost, low purity, and low Ty;+ value, and such problems must be
addressed to implement these systems for commercial applica-
tions. Even polymeric ionic liquids (PILs) acting as a host and
salt in GPEs and SPEs are also finding attraction among
researchers.”’°”> Other solvents like H,O, acetonitrile (ACN),
dimethylformamide (DMF), N,N-dimethylacetamide (DMAC),
and N-methyl pyrrolidone (NMP) are also used in GPEs for
specific applications.””*™>””

The advantages of SPEs over GPEs include their high
mechanical stability and enhanced compatibility with the
Li-metal anode owing to the absence of a liquid phase. Although
the liquid phase in GPEs may often undergo unwanted parasitic
reactions over the Li-metal anode and destabilize the interface
and interphase, the liquid-like ionic conductivity of GPEs is the
utmost advantage due to the enhanced ion transport characteristics.
Despite the trade-off between GPEs and SPEs in many aspects, both
systems are promising to be used for the commercial production of
LPBs. Recently, PEs have found applications in microbatteries, and
flexible- and printable-LBs.””* %! Additionally, other metal-ion (Na®,
Zn**, Mg*", etc.) conducting PEs are also being noticed with the
surge in interest towards batteries beyond lithium chemistry.”**~>%°
This underlines that the concomitant development of both SPEs
and GPEs is indeed crucial for pushing the further development of
LPBs and other EES technologies. It is worth mentioning that LPBs
are already under commercialization by companies like IONIC
MATERIALS INC,**° A-123 Systems, DNK Power,”®" Panasonic, LG
Chem, and Bolloré.?** In the next few years, widespread interest
in LMPBs with SPEs is expected to grow many folds also for EV
application.?**2

4. Intricacies of interfaces and
interphases, and related challenges
in PEs

The electrode|electrolyte interfaces and interphases are two
critical components influencing the electrochemical perfor-
mance of any LB cells. Interfaces are the regions in an LB cell

This journal is © The Royal Society of Chemistry 2021
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where the electrode and electrolyte are in direct contact with
each other. On the other hand, the interphase refers to a
desirable passivation layer, which is formed over the electrode
surface by electrochemical processes taking place at the inter-
face. Interphases have a definite chemical composition that
prevents direct contact between the electrode and electrolyte
components, but, at the same time, ensures facile Li'-ion
transport. The interface qualitatively indicates the extent of
contact between the electrode and electrolyte species inside an
LB cell. Electrode|electrolyte interfaces in LBs are of two types:
the (i) anode|electrolyte interface and (ii) cathode|electrolyte
interface.>®> Accordingly, the two types of electrode|electrolyte
interphases formed over the anode and cathode are known as
the SEI and CEI, respectively. An ideal electrode|electrolyte
interface indicates the complete wetting of the electrode particles
present at the surface and bulk regimes of the composite
electrode film irrespective of the coating thickness. Ideally,
achieving maximum interfacial contact and active material
utilization within an LB cell requires electrolyte impregnation
into pores distributed in the sub-micron regimes, those includ-
ing nanopores, mesopores, and micropores of the electrode
particles, which is indeed challenging. Indeed, the interface
and interphase are two interrelated features since the inter-
phase can only be formed at the interface between the electrode
and electrolyte. Therefore, in any battery cell, the first step is
attaining a conformal electrode|electrolyte interface (simply,
good wetting). Later, the electrochemical processes occurring
at the interface lead to the formation of conformal interphase
layers (SEI and CEI), hence impeding both the electrode and
electrolyte components from further degradation or decomposi-
tion. However, all interphases are not equally useful in avoiding
parasitic reactions between the electrode and electrolyte or
providing interfacial stability within the LB cell. Attaining a
conformal interface can ensure an equally conformal interphase.
However, the nature and the quality of the interphase is ultimately
decided by the electrode and electrolyte components, and the cell
operating conditions.

Generally, the SEI and CEI are considered desirable inter-
phases and very important for the functioning of LBs. However,
undesirable interphases formed by parasitic reactions between
the electrode and electrolyte do not lead to ideal SEI- and CEI-
like characteristics. The favorable features of SEI and CEI are:
(i) ionically conducting, (ii) thin and uniform, (iii) chemically
and thermally stable, (iv) capable of absorbing the stress from
the volume change occurring during the cycling process,
(v) capable of avoiding leaching of active electrode materials,
(vi) electronically non-conducting, and so forth and so on. As
one of the authors of this review emphasized earlier in one of
his influential perspective articles on interphases, ‘the SEI and
CEI formed at the electrode surfaces are thin solid electrolytes,
but the fact is often ignored."” Indeed, interphases are one of
the most important but least understood components of a
battery cell. In most of the literature, the interphases in an
LB cell are depicted as a superficial layer formed on the surface
of the composite electrode film. However, it is not representing
real-world conditions since the interphase covers not only the
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surface of the composite electrode film but also the surface of
individual electrode particles (Fig. 5a).

The physical interaction between a hypothetical PE and a
thick and porous LB electrode (anode/cathode) can be considered

View Article Online

Review

as a model system for understanding the electrode|electrolyte
interface and interphase, as presented in Fig. 5a. Here, the regions
accessed by the PE are denoted as retaining a conformal
electrode|electrolyte interface, whereas the regions inaccessible
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Fig. 5 (a) The electrodelelectrolyte interface and interphase formed inside the LPB cell with a PE (film) placed over the porous composite electrode
(anode/cathode) (binder molecules are not shown for simplicity). Due to the solid-like character of the PE, the conformal interface or contact points
between the electrode and PE is mainly confined to the electrode particles present at the surface, whereas the bulk-particles do not meet the PE, hence
resulting in low active material utilization. The points at which the PE is not in contact with the electrode particles are indicated as voids. In these voids,
the quintessential SEI/CEI layers are not formed, and these particles cannot take part directly or efficiently in the charge-storage process. (b) The
electrodelelectrolyte interface and interphase of a LIB cell with LE: unlike the case with PE, the free-flowing character of the LE allows the wetting of
electrode particles present both at the surface and underneath. Therefore, the electrode|electrolyte interface and interphase coverage in an LE are
conformal and ideal. Ultimately, the challenge with PEs is the inability to emulate the electrodelelectrolyte interface like that of an LE. (c) The
electrodelelectrolyte interface in a relatively flat Li-metal anode surface in contact with a PE (in LMPB) and LE (in LE-LMB) before and after cycling.
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to the electrolyte are indicated as possessing non-conformal
electrode|electrolyte interfaces. A non-conformal electrode|electrolyte
interface within the electrode reduces the overall active material
utilization and maximum achievable energy density. The formed
interphase in the interface regions, at which the PE is holding
excellent contact with the electrode material, is also highlighted.
Fig. 5a concludes that in a typical scenario, a PE cannot offer an
ideal electrode|electrolyte interface or interphase, especially in
cases when used as a film sandwiched between the electrodes.
However, in LEs, the free-flowing nature and low viscosity help in
the adequate wetting of the electrode particles at the surface and
those buried beneath the composite electrode film (Fig. 5b).
The LE can easily impregnate into the bulk-regimes of the
porous electrode matrix, providing an extended conformal
electrode|electrolyte interface and interphase, in turn ensuring
inter-particle Li'-ion transport and maximum active material
utilization. Therefore, during the transition from LEs to PEs,
achieving an electrode|electrolyte interface and interphase similar
to LE is challenging, especially with typical porous and thick
electrodes. The inferior electrode|electrolyte interface is one of
the most fundamental challenges to be solved in LIPBs, which
leads to inferior electrochemical performance when compared to
conventional LIBs.

In the case of LMPBs with a flat Li-metal anode of relatively
low surface area and porosity compared to graphite, achieving a
conformal anode|electrolyte interface, which is more or less
similar to conventional LEs, is often not challenging with a PE
(still, an externally prepared PE film cannot precisely mimic the
Li-metal|LE interface as illustrated in Fig. 5¢, where voids would
still exist at the Li-metal|PE interface). However, it should be
noted that the high reactivity of Li-metal can decompose the PE
components during cycling. Additionally, the stress arising
from the volume changes on the Li-metal surface during the
continuous lithium plating/stripping process will destabilize the
interface and interphase (Fig. 5¢), a similar scenario to the case
of an LE-LMB (Fig. 2 and 5c). During continuous cycling, it is
possible that the relatively smooth Li-metal surface eventually
turns rough and uneven due to HSAL growth, and the continuous
electrolyte decomposition leads to the formation of a thick
interphase. HSAL nucleation and the thick interphase can lead
to cell failure with time, which is more severe in LE-LMBs but can
be present in LMPBs also with an otherwise inefficient PE. Hence,
LMPBs demand PEs that can provide a stable interface without
compromising the Li-metal|electrolyte interphase. As already
discussed in Section 3, a PE with a high Young’s modulus value
may be suitable to stabilize the Li-metal|PE interface and
interphase. However, the chemical composition of the PE and
its compatibility with Li-metal are also equally important to
avoid any detrimental parasitic reactions, which can lead to the
formation of undesirable interphases without typical SEI
features. Even for those PE films providing a good interface
and interphase at the Li-metal anode, the challenges of
maintaining the ideal interface still persist with the porous
and thick cathode. In conclusion, novel cell fabrication strategies
and polymerization techniques should be considered and
implemented for LIPBs and LMPBs with smart PEs that can
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offer LE-like (or close to LE-like) interfaces and interphases for
the flourishing of LPBs in general.

4.1 The ex situ process and device fabrication thereof

The conventional approach for the fabrication of LPBs involves
multiple steps in which a PE is externally prepared as a self-
standing film,***>*® followed by sandwiching between the
electrodes.”*® % For example, the preparation of a PE film by
heat-/light-induced polymerization and the subsequent assembly
of an LMPB cell are presented in Fig. 6. Here, the primary
requirement is a precursor solution (also called reactive mixture,
reactive solution, or merely precursor) containing polymerizable
monomers (also including oligomers: they are polymerizable
molecules made of a few monomer units, examples include
dimers, trimers, tetramers, etc.), a conducting salt and a suitable
polymerization initiator (molecules that initiate the polymerization
process when provided with the right conditions). The presence
of an electrolyte solvent/plasticizer (solid/liquid/liquid-like) is
optional, depending on whether an SPE or GPE is of interest.
Later, the precursor is cast on a flat surface, and, following the
polymerization process, a PE film with the desired thickness is
obtained. In many cases, a polymer film is prepared from the
precursor in the absence of electrolyte components (salt and
plasticizer) and later subjected to activation by a swelling (soaking)
process in an LE to produce an ionically conducting GPE.>*** In any
case, the prepared PE film is used in the sandwich configuration,
where it plays the additional role of the separator as well. Such a
strategy of LPB cell fabrication using an externally prepared PE
film is often given by the term: ‘the ex situ fabrication of LPB cells’
(simply, the ex situ (polymerization) process).

The preparation of PE films, as depicted in Fig. 6, can be
called a bottom-up approach since the polymer host is evolved
from a precursor consisting of basic constituent units of
reactive monomers/oligomers. Polymerization methods such
as free-radical polymerization, ionic polymerization, con-
densation reactions, click chemistry, and so on are finding
immense attraction among researchers for the preparation of
PE films by such a bottom-up approach.>**?°*?%” Indeed, these
polymerization reactions can be triggered by energy sources
such as heat, ultraviolet (UV)/visible light irradiation, and
microwave/infrared/y-ray exposure. Bottom-up polymerization
methods are suitable to prepare and tune the properties of
homo-polymers, copolymers, and cross-linked or even rein-
forced SPEs and GPEs. In fact, this bottom-up approach by
radiation-induced polymerization came into the limelight with
the work of Abraham et al. in 1995, where a reinforced GPE film
was prepared using a Celgard separator soaked with a PE
precursor made of a tetraethylene glycol diacrylate cross-linker, a
carbonate-based LE, and a photo-initiator.**® This work inspired
several successive studies that later employed UV-polymerization
for the production of various types of PEs.****!° The advantage of
the bottom-up approach is that any additional solvents other than
those required for the plasticization of the PE can be avoided as
most of the monomers/oligomers are inherently capable of
dissolving the Li-salt, hence minimizing the wastage of solvent.
However, if required, a small amount of solvent can be used
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prepared separately as a film by free-radical or any other polymerization

methods (e.g., ionic polymerization) and then assembled by sandwiching it between the anode and cathode to obtain an LMPB (or LIPB) cell (an LMPB is
illustrated for simplicity). In this case, the externally prepared PE can even be activated in an LE, using a swelling process to improve the ionic conductivity.
The electrolyte-inaccessible regions in the Li-metal anode and cathode are shown as voids, which represent the dead-volume in the electrode, not
contributing to charge-storage (for simplicity, only the ex situ processing of LMPBs is illustrated, but all the processes mentioned in this figure are

applicable to LIPBs as well).

during the PE processing, which can be evaporated off in the
subsequent steps depending on the requirement that a plasticized
PE or SPE is required. Ultimately, the bottom-up approach of PE
film preparation is applicable in both solvent-supported (wet) and
solvent-free (dry) conditions.

In conventional dry/solvent-free processing of PE film pre-
paration by the ex situ process, a polymer is melted above the
melting point (Ty,), and then electrolyte components are added to
the melt.*"" Depending on the type of components added, and the
involvement of the activation step, an SPE or GPE film can be
prepared. Thus, this melting-induced dry processing can be con-
sidered a top-down approach as the polymer host is directly used to
prepare the PE film, unlike the on-site conversion of monomer/
oligomer units to PEs by the bottom-up approach. One of the
disadvantages of this process is that the desired mixing can be
achieved only at high temperatures under high mechanical
shear. Also, the salt or even polymer decomposes at such high
temperatures and mechanical stress conditions, and expected
results are often not achieved. A modified version of this method
called melt-pressing is also popular.'®’?'* In this process, the
polymer host and other solid-components such as salts and fillers
(preferably in the powdered form) are mixed and ground well until
a homogenous blend is obtained. Later, the mixture is hot-pressed
close to the melting point (T,,) of the polymer matrix by keeping it
between two Teflon (PTFE) sheets (or stainless-steel plates or other
substrates) so that a PE film or pellet can be prepared. However, in
this method as well, the temperature-induced decomposition of
the electrolyte components is mostly unavoidable.

2720 | Energy Environ. Sci., 2021, 14, 2708-2788

There are several conventional wet (solvent-supported) pro-
cesses used for the preparation of PE films.”>"*”*'® In a typical
wet process, the polymer is dissolved in a suitable solvent with or
without the presence of a salt and other solid-additives (since a
polymer is directly employed, these methods can also be con-
sidered in the category of the top-down approach). The cast
membrane, following vacuum drying and evaporation of the
solvent, can be either directly used as an SPE (if a salt is present)
or activated by an LE. This activation process induces plasticiza-
tion of the polymer chains due to the interaction with the salt and
the plasticizer components. Therefore, T, is reduced, while the
flexibility of the overall PE is increased. The swelling time or rate
is controlled to obtain mechanically stable GPE or plasticized/
quasi-solid-state PE films. The swelling also determines the
amount of plasticizer and salt components present in the PE,
which decides the overall electrochemical properties.***>'® For
example, the ionic conductivity is increased with an increase in
the LE content; at the same time, swelling of the polymer film
induces volume expansion due to the uncoiling or unpacking of
the polymer chains from the ordered phases (crystalline) of the
polymer matrix. This phenomenon decreases the mechanical
properties; nevertheless, the solvent uptake increases the mobile
phase within the polymer electrolyte. The method developed by
Sony Co. in the year 1999 for the preparation of PVdF-HFP-based
GPE films activated by carbonate-based LEs is popularly known
as the Sony process for GPE preparation.®”**®

Extraction-activation methods for the preparation of GPE
films are a commercially important wet process (top-down)

This journal is © The Royal Society of Chemistry 2021
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developed by Bellcore.>'>**° In this method, the polymer is
mixed with a slurry of electrode material in the presence of a
plasticizer and coated over the current-collectors. Then the
plasticizer is extracted, followed by wetting the electrodes by
an LE during cell assembly. However, this method is tedious
and dangerous, owing to the use of the toxic dibutyl phthalate
(DBP) plasticizer. The approach is further improvised in such a
way that the extraction step is avoided and this is popularly
known as the phase-inversion method.**°*** Bellcore is also
credited with the early models of LIPBs, which were commer-
cialized in 1999 under the name PLiON (plastic lithium-ion
battery).****** In several reports, viscous GPE solutions are also
used, which are often directly cast over the electrode surface for
electrochemical device fabrication (e.g., PMMA dissolved in
LiClO,/PC solution).>"*>* This method is found to improve
the electrode|electrolyte interface compared to the case when
PE membranes are otherwise used as films. However, even this
approach fails with thick electrodes due to the size-mismatch of
the pores in the electrode material and the high molecular
weight of the polymer chains.****2¢ Moreover, this method
intensively compromises the ultimate aim of achieving a high
performance and mechanically stable GPE, which does not lure
the research community beyond the lab-scale.

Although PE films that are ex situ processed are essential
and significant in LPBs (even commercialized to an extent), absolute
improvement in terms of the electrode|electrolyte interface/inter-
phase to match with that of an LE (Fig. 5b) can be envisaged when
looking towards the future. For example, when a PE film is used in
the ex situ process, the electrode|electrolyte interaction is primarily
confined to the surface but not to the bulk of the electrode (see
Fig. 5a and 6). The ex situ process leads to low active material
utilization in LPBs, resulting in a reduction in the maximum
achievable energy density. In a battery electrode, it is vital to
maintain an excellent electronic and ionic flow within the com-
posite electrode (Fig. 6 magnified cell) so that the redox reactions
leading to the charge-discharge process can occur with the lowest
overpotential or activation energy. Recent modeling studies also
emphasize the significant role of Li*-ion transport within the
composite electrode matrix, which largely influences the overall
performance of LBs, especially at higher current rates (power
density) and with thick electrodes (energy density).**” The low rate
capability in the case of LPB cells fabricated by the ex situ process,
especially in thick electrodes, is due to the non-accessibility of the
PE components to the electrode particles buried beneath the surface
of the composite electrode film and the electrode pores. In Fig. 5a
and 6, the regions in which the electrolyte accessibility is minimal
are represented as void spaces. Such void spaces indicate that ex situ
processed PE films are incapable of emulating the efficient electro-
de|electrolyte interface/interphase similar to conventional LEs.>***®
Thus, inter-particle Li'*-ion transport in LPBs with thick electrodes
can only be achieved with the help of an ion conducting (e.g, PE)
medium present within the electrode bulk.

4.2 The in situ process and device fabrication thereof

To overcome the limitations associated with electrode|electrolyte
interfaces and interphases in LPB cells using the ex situ process,
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ample modifications are proposed that can be implemented from
the PE synthesis step itself. One such strategy is called ‘the in situ
fabrication of LPB cells,” or simply, the ‘in situ (polymerization)
process,” which has received considerable attention in recent
years.>”°3* The in situ process involves the single-step gene-
ration of a PE ensuring an effective electrode|electrolyte inter-
face and interphase extended to both the surface and bulk
particles of the composite electrode. The in situ processing of
LPB cells is often carried out in three different ways (Fig. 7a):

(i) separator assisted approach (Fig. 7b and 8a)

(i) direct deposition approach (Fig. 7c and 8b)

(iii) sacrificial and artificial protection approach (Fig. 7d).

The 1st and 2nd approach directly address the fabrication of
LIPBs and LMPBs. The 3rd approach is mainly used for the
production of conformal protective interphase layers over the
active material and conductive carbon of the composite electrode
so that the performance of LE-based LIB and LE-LMB cells
can be improved. Also, this protection approach can be impro-
vised for the fabrication of LMPB and LIPB cells through an
emerging process called a multi-layer approach, as explained in
Section 4.2.3.

The first step of the in situ process is the preparation of a
precursor similar to that of the ex situ process, as shown in
Fig. 6, consisting of polymerizable monomers/oligomers and a
conducting salt in the presence of a suitable initiator. Solid- or
liquid- plasticizers and additives can also be introduced into
the precursor to fine-tune the physicochemical and electroche-
mical properties, including interphase formation. The in situ
process is usually carried out by impregnating the coated
composite electrode with the precursor, which is later polymerized
using an external energy source (e.g., heat or light) so that the PE
generation takes place internally within the pores and voids of the
electrode coating. The infusion of the electrode by a less viscous
precursor in the liquid state, which is similar to an LE, helps in
(nearly) saturating the sub-micron pores with low molecular
weight monomers, Li salt, solvent, and soluble additives. The
impregnation of the precursor followed by the polymerization step
ensures an intimate and compelling electrode|electrolyte interface/
interphase in the final battery cell close to that offered by an
LE (Fig. 5b).>2>32¢33 [t is highly desirable that the size of the
molecular species present in the precursor is comparable to the
pore-size/volume of the electrode materials for allowing maximum
impregnation and a suitable electrode|electrolyte interface as well
as conformal and uniform interphase formation.

The factors, challenges, and advantages pertaining to the
interface and interphase formation in the context of the in situ
process and LPBs, in general, are summarized below.

(a) PE impregnation depends on the viscosity and surface
energy of the precursor, bulk porosity and thickness of the
composite electrode film, inherent porosity of the electrode
materials, continuity of pores/voids, and processing conditions
such as temperature and vacuum. The greater the electrolyte
impregnation, the higher the active material utilization.

(b) The surface characteristics of electrode materials also
determine the interface and interphase. Factors such as the native
layers, surface area, surface chemistry, and surface energy of
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Fig. 7 (a) Various types of in situ processing approaches. (b) In the case of the separator assisted approach, the inert separator contributes to the dead
weight, which does not take part in the ion conduction process but blocks the ion transport pathways. (c) In the case of the direct deposition approach,
the PE layer deposited over the individual electrode films itself is acting as both an ion conducting medium and a physical partition between the two
electrodes. PE 1 and PE 2 represent individual PE layers formed over the cathode and anode, respectively (direct deposition approach 2). In most of the
literature reports related to LMPBs, direct deposition is usually carried out only on the cathode (direct deposition approach 1) since achieving a suitable
electrodelelectrolyte interface is more critical for a somewhat porous cathode than the relatively flat Li-metal anode. Herein, the whole PE is active
towards ion conduction without any dead weight from the separator, unlike the case with the separator assisted approach. (d) In the case of the sacrificial
and artificial protection approach, the protective interphase layers are first prepared over the electrode films. Later the LB is fabricated using an inert
separator soaked with an LE or an in situ or ex situ processed PE. The fabrication of LPBs by such a method is known as the multi-layer approach as the
subsequent layer over the protective interphases is an in situ or ex situ processed PE (for simplicity, only the in situ processing of LMPBs is illustrated;
however, all the processes are applicable to LIPBs as well). (e) Summary of the main advantages (@) and disadvantages (6) of the three types of in situ
processing approaches discussed in (a)—(d).

individual electrode components are essential. Comparable surface (c) The purity of electrode and electrolyte materials influences
energy of the electrode and electrolyte precursor ensures effective  the control and stabilization of the interphase. Additive chemistry
impregnation and a nearly liquid-like interface throughout the that is already established for LEs can be used for interphase tuning.
electrode (at the surface and the bulk). The effectiveness of interface formation (improved wetting),
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Fig. 8 (a) Separator assisted approach of the in situ processing of LMPB/LIPB cells. The precursor is filled and subjected to polymerization in a pre-
assembled battery cell with the anode, cathode, and separator. Often, a precursor-soaked separator can also be used. (b) Direct deposition approach for
the in situ processing of LMPB/LIPB cells, which involves the deposition of the precursor over the electrode film followed by free-radical or ionic
polymerization methods, and subsequent cell fabrication. If the cathode alone is in situ processed (direct deposition approach 1), there is a chance that
the electrode|electrolyte interface at the anode can be inferior. However, the inferior interface that may arise at one of the electrodes can be overcome
by the in situ processing of both anode and cathode electrodes (direct deposition approach 2) followed by cell fabrication (for simplicity, only the in situ
processing of LMPBs is illustrated, all the processes are applicable to LIPBs as well).

compounds formed due to the decomposition/consumption of
the electrolyte (e.g., additives, monomers, salt, and plasticizer)
components, nature of byproducts formed (e.g., gaseous or non-
gaseous, corrosive or non-corrosive, and catalytic or noncatalytic),
reactivity of monomers and oligomers with the electrode compo-
nents, etc., also affect the stability of the interphase. Interphase
characteristics such as the uniformity, thickness, mechanical
properties, grain boundary characteristics (especially for inorganic
SEI/CEI layer), and related ion transport properties affect the
overall cell performance.

(d) Changes to which the electrodes are subjected during
electrochemical cycling (e.g., surface area and volume changes
of the cathode/anode active materials, continuously evolving
surface morphology of the lithium-metal anode, changes in
the chemical composition of the electrode material and
electrolyte, etc.) may affect the quality of the interface/inter-
phase. The physical changes associated with the electrodes may
be accompanied by the rupture/delamination of the interphase
and a loss of contact (interface) between the electrode and
electrolyte. In situ processed self-healing PEs may be envisaged

This journal is © The Royal Society of Chemistry 2021

to recover/maintain suitable electrode|electrolyte interfaces and
interphases.

(e) The ionic and electronic transport within the composite
electrode between individual electrode particles, or, in other
words, the inter-particle ion diffusion, is essential to achieve
high energy and high-power batteries. However, the PE must
not hamper the electronic transport between the electrode
particles.

(f) visualizing the processes taking place at the electrode|
electrolyte interfaces and characterization of the formed inter-
phase are indeed essential to help advance existing LBs with
the rational development of tailor-made electrode and electro-
Iyte formulations. The characterization of the solid|liquid
interfaces in state-of-the-art LIBs is relatively well-established
with post-mortem analysis of cycled cells using techniques
such as NMR, XPS, Raman analysis, XRD, microscopy, etc.,
in ex situ experimental conditions. However, it is crucial to
investigate the interfacial processes under operando and in situ
conditions in a non-destructive fashion. For this purpose,
the existing in situ and operando characterization methods
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(XPS, Raman analysis, NMR, microscopy, etc.), which are designed
mostly for the characterization of LE-based LBs, should be
modified to make them compatible for thorough analysis of
the more challenging solid|solid interfaces in solid-state batteries
(PE- and ISE-based LBs). Advanced X-ray tomography techniques
are also potential candidates for non-destructive investigation of
solid|solid interfaces.

The in situ processes using free-radical polymerization by
means of thermal- and photo-curing methods are extensively
explored for the fabrication of both LMPBs and LIPBs on the
lab-scale.’**3*° Free-radical photo-polymerization is usually
carried out in a UV-chamber under inert atmospheric (preferably)
conditions, whereas ordinary laboratory ovens can be used for the
thermal polymerization process.>”*73*3 However, other energy
sources such as gamma (y)-rays,*" visible light, and lasers®** are
also used for initiating various types of polymerization reactions, but
are not as popular as the former heat- or Uv-induced polymerization
methods. Apart from the free-radical induced in situ polymerization
process, other methods such as ionic polymerization,>*3747
condensation polymerization,**®**° and electropolymerization
are also receiving attention nowadays.

The number of polymerizable functionalities (n) (e.g., poly-
merizable reactive moieties such as a double bond, epoxide
units, and thiol) of monomer or oligomer molecules incorpo-
rated in the precursor significantly influences the ion transport
and mechanical properties of the formed PE. Depending on the
‘n’ value, the polymer hosts in the PE can be either cross-linked
or non-cross-linked. Indeed, the physicochemical characteristics of
PEs are ultimately dependent on the type of polymer host. A non-
cross-linked polymer host is formed from a precursor employing
polymerizable species (monomer/oligomer) with an ‘#’ value of 1
(mono-functional). If a single type of mono-functional monomer/
oligomer molecule is used in the precursor, the obtained polymer
host can be called a non-cross-linked homo-polymer (linear or
branched). On the other hand, a combination of two or more
different types of mono-functional monomer/oligomer molecules
produces a non-cross-linked copolymer (linear or branched). The
polymer chains in a non-cross-linked polymer host are flexible and
dynamic, facilitating ion conduction in a PE. The non-cross-linked
character may also lower the physical properties such as softening,
melting, and flow-temperature points. Thus, a non-cross-linked PE
may not retain the mechanical properties in a wide temperature
range. In most cases, when a non-cross-linked homo-polymer or
copolymer host is used in a PE, a thicker PE sample is preferred to
avoid internal short-circuit. When the value of ‘#’ is >2 (multi-
functional), cross-linked polymer hosts are formed. Here, a single
type of multi-functional or a combination of different kinds of
multi-functional monomer/oligomer molecules can be employed
to prepare cross-linked polymers. If the cross-linking density
(a measure of cross-linked points per unit volume, unit: mol
em ?)****51 g very high, it can affect the polymer chain
dynamics and reduce the ionic conductivity of the associated
PEs. However, a high cross-linking density beyond a certain
limit will enhance mechanical properties such as toughness
and brittleness and, in turn, reduce flexibility. Thus, a certain
degree of flexibility is always desirable for the polymer host to
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facilitate ion conduction. Besides, if the polymer host interacts
with other electrolyte components such as a salt, plasticizer,
etc., the physical properties may vary.

Another approach of preparing relatively flexible cross-linked
PEs is by employing a precursor made by combining judiciously
selected mono- and multi-functional monomer/oligomer molecules.
Such systems consist of a polymer backbone with cross-links
inducing a connection between several individual linear/branched
long polymer chains derived from the mono-functional molecule
present in the precursor. They can often display better flexibility
than tightly cross-linked polymer hosts due to the reduced cross-
linking density. If internal plasticization from the pendant chains
of monomer/oligomer molecules is present, the dynamics of the
polymer chains can be further enhanced, favoring ion transport.
Depending on the concentration of multi-functional monomer/
oligomer molecules present in the precursor, the cross-linking
density of polymer hosts can be fine-tuned to achieve the desired
flexibility and toughness, optimizing the ion conduction, electrode
wetting behavior, and mechanical stability. Considering the
mechanical flexibility that long-chain oligomer molecules [e.g.,
acrylate, methacrylate, and allyl and vinyl ether derivatives of
poly(ethylene glycol), etc.] can provide to the polymer hosts, they
are more prevalent in the preparation of PEs over small-sized
monomers [e.g., methyl methacrylate (MMA)].

A detailed explanation of the various types of in situ processing
approaches is discussed in the following sub-sections.

4.2.1 Separator assisted approach. The most common i situ
process employed for the fabrication of LPBs is the separator
assisted approach depicted in Fig. 8a. In this method, typically, a
precursor is filled into a pre-assembled battery pouch containing
an anode, a cathode, and a separator in the sandwich configuration.
Later, the precursor is polymerized inside the sealed pouch cell. The
separator helps provide dimensional stability to an otherwise
dimensionally and mechanically unstable (mostly due to the high
plasticizer/liquid electrolyte content) PE, and effective partition
between the anode and cathode, avoiding short-circuit within
the cell. This single-step method also guarantees improved
electrode|electrolyte interfacial contact at the anode and cathode
during battery cell fabrication. It is like the present-day
LIB fabrication process using LEs, except for the additional
polymerization step involved. As the polymerization is happening
inside a closed environment, UV-light cannot be used for
polymerization initiation. Hence, heat-induced free-radical or
ionic polymerization methods are best suited. It is important to
use suitable monomers/oligomers and initiators that do
not produce any gases or other side products inciting bubble
formation, pressure build-up, or undesirable reactions with the
cell components during the fabrication or functioning of
the cell. Besides, the lithium salt, additives, plasticizers, and
monomers/oligomers should be thermally stable at the poly-
merization temperature and should not significantly dampen
the polymerization process. One of the other drawbacks of the
separator assisted in situ process is the dead weight and
the inactive ion conduction areas imposed by the supporting
separators. In general, cellulose, glass fiber, polyolefin (Celgard), and
PVdF or similar polymers are used as separators. These separators
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are inert and often do not participate in the ion conduction process,
as shown in Fig. 7b.

The separator assisted approach is not always useful in the
context of an LMPB since certain types of monomers/oligomers
(e.g., acrylates and methacrylates) present in the precursor
may undergo undesirable parasitic reactions over the reactive
Li-metal surface, hence producing unwanted and unsuitable
passivation layers. Therefore, the chemical aspect of the
monomers/oligomers such as compatibility with the electrode
components also should be considered while selecting the PE
components and the polymerization method. However, if
monomers/oligomers that are compatible with Li-metal or a
precursor with SEI forming additives are used, the separator
assisted in situ approach can find immediate applications in
LMPB fabrication as well. As of now, this method is generally
considered to be handy and extensively used in the fabrication
of LIPBs. Indeed, the separator assisted approach is primarily
used to evade leakage of the LE from the battery pouch so that
smart, lightweight, and thinner packaging can be used for
battery construction. For instance, the separator assisted
in situ process was adopted by Sanyo in 2002 for the industrial
production of LIPBs, as displayed in Fig. 9.>°>*>® The in situ
process implemented by Sanyo is known as the Sanyo process
(see the Fig. 9 caption for details). In the preparation of most
laboratory-grade LPB cells, separator pre-soaking in the pre-
cursor is used instead of filling in a pre-assembled pouch- or

PEO precursor and liquid
electrolyte ™

Casing by aluminum/resin
laminated film

Negative tab Positive tab

SANYO PROCESS

In situ processed LIPB

" Positive electrode
Negative electrode
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coin-cell. Ultimately, the separator assisted approach is not
useful in customized LPB cell designs such as microbatteries as
the use of an additional separator is not feasible since it may
add to the overall size of the microdevice.

4.2.2 Direct deposition approach. The second type of
in situ process is a separator-free direct deposition approach,
as illustrated in Fig. 8b. In this approach, the precursor is cast
over the composite electrode film and allowed to undergo
polymerization. Later, the obtained PE-integrated electrodes
are used for LMPB and LIPB fabrication. In the case of LMPBs,
usually the PE is in situ polymerized over the cathode and later
assembled against the Li-metal anode (direct deposition
approach 1). However, the PE can also be generated over both
the anode and cathode in separate steps followed by these
PE-integrated electrodes being integrated together to obtain an
LIPB/LMPB cell (direct deposition approach 2). In the direct
deposition approach 1, the disadvantage (side reactions) of a
separator assisted approach can be avoided as the pristine
monomer or oligomer species do not come in direct contact with
the Li-metal. Additionally, in the direct deposition method, the
inactive or deadweight of the reinforcing separator can be avoided
entirely (Fig. 7c). It is indeed essential that the formed PE must be
mechanically stable enough to withstand the pressure suffered by
the electrodes, thereby preventing internal contact between
the electrodes and the resulting short-circuit. Interestingly, if
a PE with appropriate mechanical characteristics is selected,

Polyethylene
microporous separator
7

Cell injected with polymer
precursor solution =

Thermally triggered
in situ polymerization

Fig. 9 Sanyo process (ref. 352 and 353) for the fabrication of an LIPB cell by the separator assisted approach. In this method, typically, a positive
electrode using LCO, a negative electrode using graphite, and a polyethylene microporous separator are wound together in an elliptical fashion. This cell
element is enclosed in a casing, and a precursor containing an LE [lithium bis(pentafluoroethanesulfonyl) amide [(LIN(SO,C,Fs),, LIBETI] dissolved in a
carbonate-based solvent] and an ethylene oxide-based precursor are injected. Then, the cell is heated to induce the polymerization of the precursor.
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the pulverization of the active materials can be avoided entirely
or considerably reduced.*** 1t is also worth noting that, due to
the separator-free configuration, the direct deposition approach
is also suitable for microbattery fabrication.

4.2.3 Sacrificial and artificial protection approaches

For LE-based LBs (LIBs and LE-LMBs). For understanding the
concept of the sacrificial and artificial surface protection
approaches based on the in situ polymerization process, it is
essential to define a new term called ‘polymeric ionic-skin
(PIS). An ionic-skin can be considered as a conformal and thin
coating of an ion conducting layer (nanometre to few micro-
meter thick) formed over the anode/cathode active materials as
well as other electrode components (conducting additives such
as carbon). Such a layer is formed on the surface and the bulk
of the electrode particles of an LIB/LE-LMB/LPB cell during
electrochemical cycling. Also, these layers can be artificially
prepared before cell fabrication. In a broader perspective, all
SEIs and CEIs can be considered in the category of inorganic,
organic, or composite ionic-skins that are capable of protecting
the electrode as well as electrolyte components from several
undesirable electrochemical events. Provided that these SEIs/
CEIs also include polymeric components that are formed from
the chemical/electrochemical reactions of LE solvent molecules
or additives, they can be called PIS-interphases. In the same
perception, the classical SEI and CEI layers formed from the
decomposition/polymerization of carbonate solvents/additives
[PC, EC, fluoroethylene carbonate (FEC), vinylene carbonate
(VC), and so on] at the electrodes of an LB cell include materials
that are polymeric and can be called PIS-SEIs and PIS-CEIs,
respectively.®**°*%” Indeed, the term PIS is a metaphor for the
SEI/CEI formed over the electrode, which is polymeric in
character. Such polymer formation due to the uncontrolled
decomposition of the electrolyte solvents can be called sacrifi-
cial polymerization due to the destruction of the structure of
these solvent molecules, which even produces unwanted side
products. These polymeric components may have variable
molecular weight and not well-defined physicochemical char-
acteristics. However, when appropriate molecules are added as
additives and targeted polymeric materials are conformally
formed at the surface of the electrode components, such a
process can be called the artificial polymerization process, which
is rather precise and target specific compared to sacrificial
polymerization. In other words, surface protection by the PIS-
interphase formed by the sacrificial polymerization of the LE
solvent molecules is a universal phenomenon occurring inside all
organic LE-based LBs and other alternative Li-free battery cells.
Indeed, these polymerizations are truly electrochemical in origin.
Therefore, the generation of a PIS-SEI or PIS-CEI during the
formation cycles of LIB cells can be considered the simplest
example of sacrificial surface protection induced by the in situ
(electrochemical) polymerization process. In the cases mentioned
above, the formation of a PIS-interphase occurs within the
assembled cell, and features such as thickness and composition
cannot be often controlled. The controlled deposition of
PIS-interphases can be achieved from a precursor-based LE in a
standard three-electrode or two-electrode electrochemical cell by
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polymerization initiated by electrochemical oxidation or reduction
processes on the electrode of interest.

In addition to the electrochemically assisted in situ processing of
artificial PIS-interphases, other polymerization methods (free-
radical, ionic, and condensation polymerization) are also employed
to generate artificial polymeric surface protection layers. Here, the
first step involves the coating of a precursor containing suitable
monomers/oligomers over the composite electrode film, like that of
the direct deposition approach. Later, the polymerization reaction is
initiated by light, heat, or other means depending on the type of
monomer/oligomer used. The motive of the in situ polymerization
process in this approach is not the formation of a thick PE layer that
can separate the two electrodes but a conformal PIS-based ultra-thin
protection layer. Even if a precursor in the absence of electrolyte
salt is used, the formed non-conducting polymer layer on
contact with the LE eventually converts to a PIS by an activation
(swelling) step within the LE-based cell.

Mostly, the in situ processing of artificially formed PIS-SEIs/
PIS-CEIs as surface protection layers is very useful in LE-based
LIB/LMB cells to prevent the direct attack of LE components
that may degrade the electrode during cycling (e.g., transition
metal dissolution, electrode particle cracking, etc.). Besides,
these layers can reduce or even altogether avoid the continuous
decomposition of an electrolyte by the electrode components.
In other words, an artificial PIS-SEI/PIS-CEI is mutually beneficial
for both the electrode and electrolyte. Once this conformal coating
by the PIS is achieved over the electrode, the full cell can be
fabricated by using a conventional LE. Hence manufactured LB
cells cannot be included in the category of LPBs due to the use of
traditional LEs except for the presence of a thin PIS-interphase
coating. However, by this method, stable electrochemical cycling
with Li-metal has been even realized in state-of-the-art LE-based
LMBs (LE-LMBs), unlike the case with an unprotected Li-metal
anode. As part of this review, the reports in the context of surface
protection of LBs using an in situ processed PIS-interphase are also
thoroughly discussed as this has never been reviewed elsewhere.

For LMPBs and LIPBs (multi-layer approach). The artificial/
sacrificial protection approach can be extended to LIPB/LMPB
fabrication by an emerging process called the multi-layer
approach. In the multi-layer processing of LPBs, the first step
involves the individual electrodes being protected by an in situ
processed PIS-interphase. A relatively thick subsequent PE layer
(over the PIS) can be prepared either by the direct deposition
approach or as an ex situ processed PE layer/film (Fig. 7d).**"3¢
Here, the electrode|electrolyte interphase is taken care by the
PIS, whereas the thick PE layer effectively separates the two
electrodes facilitating ion transport. The multi-layer approach
is, in fact, a combined strategy, where the surface protection
approach is in conjunction with the direct deposition or the
ex situ process. Due to the presence of multiple electrolyte
layers (first layer of a PIS-interphase and a subsequent layer of a
PE), this approach is also called layer-by-layer fabrication of an
LIPB/LMPB. Various types of polymer, monomer/oligomer, salt,
plasticizer, or additive chemistry can be used for individual
layers; hence, tailor-made LPBs can be prepared. Research in
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this direction is indeed rare. However, multi-layer processed
LPBs are strong candidates for the industrial-scale production
of the next generation of LMPBs or LIPBs. The advantages and
disadvantages of the three different types of in situ processing
approaches are summarized in Fig. 7e.

The following sections will explain the individual cases of
the in situ processing of LPBs and the role of each study in
further improving the field.

5. In situ process by photo-/thermal-
induced free-radical polymerization

In this section, relevant reports in which the in situ processing of
LB cells is carried out by a free-radical polymerization reaction
using photo- or thermal-curing are comprehensively analyzed
and summarized according to the type of monomers as well as
the type of in situ processing approach adopted. Separator
assisted, direct deposition, sacrificial and artificial protection,
and multi-layer processing approaches are discussed in detail.
Free-radical polymerization is usually carried out using
energy sources such as heat, UV light, visible light, gamma rays,
microwaves, infrared (IR) rays, and so on.****”' Using these
techniques, various types of linear and branched homo-
polymers, copolymers, and cross-linked systems can be produced
within a few seconds to a few hours. A typical free-radical thermal/
photopolymerization reaction needs monomers or oligomers
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having an unsaturated functional group (vinyl or allyl) and an
initiator. In general, free-radical photo-initiators are of two
types, namely Norrish Type I and Norrish Type II.*”> The photo-
initiator 2-hydroxy-2-methylpropiophenone (HMPP) is a type I
system that, on UV exposure, decomposes into radicals by the
homolytic cleavage of the excited (high energy state) a-carbon
bond and produces two radical fragments (initiating free-
radical, I*). These radicals react with other reactive mono-
mers/oligomers to form an initiating radical chain. Indeed,
the free-radical initiator attacks the loosely bound pi-electron
cloud of the double bond of the monomer/oligomer so that the
initiating radical chain is formed. Later, the initiating radical
chain further continuously reacts with the other monomer/
oligomer molecules present in the reaction mixture. This step
is called the propagating reaction. Finally, this propagating
chain is terminated either by removing the energy source, by
side reactions, or by the exhaustion of the reactive monomer/
oligomer species. A similar reaction pathway involving the
direct cleavage of initiator species to free-radical fragments
and subsequent propagation is followed in thermally initiated
free-radical polymerization as well, where peroxide (e.g., benzoyl
peroxide, BPO) and azo compounds (e.g., azobisisobutyronitrile,
AIBN) are the most popularly employed free-radical initiators.
The mechanism of a typical free-radical thermal-/photo-
polymerization reaction involving the aforementioned steps is
displayed in Fig. 10a.’>® It is not always necessary that the
initiator molecule on excitation by an external stimulus such as
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(a) Mechanism of a typical free-radical polymerization reaction initiated by light/heat (reproduced/adapted from ref. 358 with permission from
an example of the polymerization reaction involving hydrogen abstraction from PEO by the initiator and

subsequent copolymerization with the MMA monomer (reproduced/adapted from ref. 359 with permission from Springer Nature, Copyright 2009°%9);
and (c) the possible reaction pathways for the generated free-radicals during the thiol-ene click reaction (reproduced/adapted from ref. 360 with
permission from John Wiley and Sons, Copyright 20103°°).
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light should undergo direct cleavage to fragment into free-
radicals and then attack the pi-electron cloud of a double bond
to propagate the polymerization reaction as shown in Fig. 10a.
For example, specific free-radical initiators (e.g., benzophenone)
can be sensitized®”*> by photo-irradiation and abstract an active
hydrogen atom from the sp® hybridized carbon of a suitable
molecule such as PEO (namely, a donor molecule) to generate a
carbon free-radical that can take part in the polymer chain
propagation/cross-linking reaction,***”*?”* and these are called
Norrish type II initiators. Such hydrogen abstraction induced
generation of free-radicals is useful for introducing cross-links in
otherwise linear PEO chains.*®**”> An example of hydrogen
abstraction from PEO by the Norrish type II initiator benzo-
phenone and the subsequent copolymerization with MMA is
presented in Fig. 10b.** In many cases, such a technique is used
to modify a polymer chain by a functionalization or grafting
reaction, and such techniques can also be used on already prepared
membranes (post-polymerization). Unlike photo-initiated hydrogen
abstraction, thermally initiated counterparts are indeed rare.

Another example of free-radical polymerization is by the S*
free-radical (thiyl radical) from the thiol moiety (-SH), which
can further attack the pi-electron cloud of the ‘ene’ moiety to
propagate the polymerization reaction, which is also called the
thiol-ene reaction.’”®>”° Indeed, the thiol-ene reaction can
proceed even in the absence of any external initiator by simple
UV or thermal irradiation.*®***%! However, an initiator’s addition
is reported to improve the efficiency of initiation, where both
type 1 and type 2 photo-initiators or even thermal initiators can
be employed.>”*>***>*%% The thiol-ene reaction facilitates the
facile formation of -C-S-C- (thioether) linkages in a polymer
host (Fig. 10c).*® Considering their high efficiency and relatively
mild reaction conditions, photo-initiated thiol-ene reactions are
more prevalent in the context of PEs. Interestingly, the thiol-ene
reaction falls under the category of a click reaction as it satisfies
conditions such as (i) high yield, (ii) stereospecificity, (iii) formation
of safe byproducts if any, (iv) no stringent reaction conditions
required, (v) readily available starting materials, and (vi) use
of environmentally benign solvents or solvent-free reaction
conditions.?*”® Other than the ‘ene’ group, epoxy groups are also
suitable for thiyl radicals to carry out the click-reaction. Such
reactions are called thiol-epoxy reactions.*®® They are also
useful in the preparation of PEs.

Although the typical free-radical polymerization method, as
presented in Fig. 10a, is the most explored in the context of the
in situ processing of LBs, the hydrogen abstraction and thiol-
ene click reactions are also addressed in a few reports. Many
mono- and bi-functional acrylate and methacrylate monomers/
oligomers that are commonly used in the free-radical initiated
in situ processing of PEs and LBs are presented in Fig. 11 and 12,
respectively. Many of the important literature reports related to
the in situ process involving free-radical polymerization are
covered in Sections 5.1-5.3.

5.1 Separator assisted in situ process

One of the first reports on the in situ process for the fabrication
of a GPE-based LIPB (LCO|GPE|carbon) was published by Sun
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Fig. 11 The chemical structures of mono-functionalized acrylate and
methacrylate monomers and oligomers used to prepare PEs and in situ
processing of LBs by the free-radical polymerization process. (a) Ref. 363
(b) ref. 364 (c) ref. 365 (d) ref. 366 (e) ref. 331, 333, 347, 367 and 368 and
(f) ref. 329, 369 and 370.

et al. in 1997.%°” This work introduced the concept of “mono-
mers are reacted in place, either on a piece of thin supporting fabric
or directly onto one electrode surface, just prior to cell assembly,”
by a thermally-induced free-radical polymerization reaction. In
other words, this work put forward the concept of both the
separator assisted and direct deposition approaches. Herein,
the in situ processing of the LIPB is carried out in the presence
of a synthetic fabric separator considering the ease of handling,
although a detailed account of the exact procedure used is not
discussed. Also, the possibility of using acrylate, allyl, and vinyl
ether monomers/oligomers as potential candidates to carry out
the in situ process is also proposed in the same work. The
prepared GPE is claimed to possess a high ionic conductivity in
the order of 1 mS cm ™" at room temperature (RT), and the LIPB
cell retained 80% of its initial specific capacity even after
500 cycles. Later, in the early 2000s, Kim et al. fabricated an
LIPB pouch cell based on a cross-linked GPE starting from a
precursor made of the oligomer named triethylene glycol
dimethacrylate (TEGDMA), a plasticizer (LiPF¢ in EC:DEC as
the LE), and a thermal initiator (BPO), which is injected into
the LCO|GPE|graphite cell assembly containing a Celgard
separator followed by a heating step (80 °C for 40 min).**?
The GPE exhibited high ionic conductivity (6.34 mS ecm™* at
20 °C) with an oxidative stability of 4.5 V vs. Li|Li". The flow
chart of the pouch cell fabrication by the in situ process is
displayed in Fig. 13a. The cell at a current density of 0.5C
showed a capacity of ~675 mA h at 20 °C, with 100% retention
over 20 charge-discharge cycles.

A few of the other monomers and oligomers appearing
in subsequent reports on the in situ processing of LIPBs
during the first decade of the 21st century include MMA,
tetraethylene glycol diacrylate, 1,3-butanediol diacrylate (BDDA),
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Fig. 12 The chemical structures of mono-functionalized acrylate and methacrylate monomers and oligomers used for the preparation of PEs and in situ
processing of LBs by the free-radical polymerization process. (a) Ref. 308 and 385 (b) ref. 361 and 386-389 (c) ref. 390 (d) ref. 269 and 391 (e) ref. 365
(f) ref. 392 (g) ref. 393 (h) ref. 368 (i) ref. 370, 394 and 395 (j) ref. 343 and (k) ref. 329, 342, 354 and 396.

and poly(ethylene glycol) acrylate (PEGA).*®*3¢7385392 Thege
reports also employed heat-induced in situ processing using
organic carbonate-based solvents as plasticizers and LiPF, salt
as the Li*-ion source.’**> However, it is important to note that
Li-salts such as LiPFg (thermal stability of 107 °C in a dry and
inert atmosphere) have very low thermal stability and therefore
require special attention.>***°° The presence of even a few ppm
of water in the electrolyte can induce the conversion of PFs5 (PFs is
formed by the decomposition of LiPFg salt) to toxic gaseous
products such as HF and POF; even at RT, and the same reaction
will be accelerated at elevated temperatures. These side-reaction
byproducts can catalyze several other reactions such as the decom-
position of other organic solvents or monomers/oligomers and
even the leaching of transition metals from the electrode active
materials. However, within the first few years of the 21st century,
the separator assisted approach of the in situ process by thermal
curing was commercialized for the production of LIPBs as already
demonstrated in the case of the Sanyo process, but with a thermally
stable sulfonylimide-based (LiBETI) salt (see Fig. 9).35>3°%401

With the rejuvenated interest in LMPBs during the same
period, in several reports, the electrochemical performance of
LMPBs is often found to be inferior compared to the related
LIPBs when acrylate/methacrylate functional monomers are
used. For instance, the NMC111|GPE|Li cell constructed using
a PEGA oligomer-based GPE displayed inferior rate-capability
compared to the NMC111|GPE|graphite counterpart.**® Similarly,
when MMA is used as the monomer and the performance is
compared in LIPBs and LMPBs, the inferior electrochemical
performance associated with LMPBs is addressed.**"*®” In both

This journal is © The Royal Society of Chemistry 2021

LPB cells based on MMA, LiNi, 3Co,,0, (LNC) is used as the
cathode. Here, in the case of the Li-metal anode, a large voltage-
drop is observed in the first charging cycle compared to the cell
with a graphite-based anode. This voltage-drop is attributed to
the non-conducting polymer layer (e.g., PMMA layer) formed at
the Li-metal anode during the polymerization process. This
PMMA layer is claimed to disintegrate during the charging
process, which can affect the Li plating/stripping process lead-
ing to the uneven deposition of Li (HSAL growth) in the
subsequent cycles. Also, in the same report,*®” the reduction
of the ester groups from the unreacted acrylate monomers over
the Li-metal surface leading to the formation of undesirable
ketol products (Fig. 13b) is explained. This reduction reaction
can take place even before the electrochemical cycling and can
lead to capacity loss even in the first cycle itself. Interestingly,
when the complete monomer to polymer conversion reaction
is achieved using high energy y-ray irradiation,>*"*%*~*% the
formation of ketol products is found to be reduced. It should
also be noted that, when MMA is polymerized by thermal
irradiation, an oxidative stability window of 4.2 V vs. Li|Li" is
observed, whereas it is increased to 4.5 vs. Li|Li" in the case
of more effective y-ray irradiation. This indicates that the
presence of residual (unreacted) monomers not only affects
the cathodic but also the anodic processes. Even though high
energy vy-ray irradiation is costly, unsafe, and uncontrolled
(highly random in nature during polymerization), the above-
mentioned work provides significant insights on the impor-
tance of avoiding undesirable parasitic reactions imposed by
pristine monomers/oligomers on the Li-metal surface, which

Energy Environ. Sci., 2021, 14, 2708-2788 | 2729
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(a) Flow-chart representing the various steps involved in the in situ processing of LIPBs in a pouch cell configuration by the separator assisted

approach. The two electrodes and the separator are assembled in an aluminum laminated pouch. Later, the precursor solution is filled into the assembled
cell and vacuum-sealed. Thermal curing at 80 °C for 40 min results in an LIPB (reproduced/adapted from ref. 343 with permission from Elsevier,
Copyright 200234%). (b) A plausible mechanism for the reduction of ester groups from methacrylate monomers leading to the formation of a ketol layer
over Li-metal (reproduced/adapted from ref. 331 with permission from Springer Nature, Copyright 2004*%). (c) The plausible mechanism for the
decomposition of molecules containing ester groups in the proximity of Li-metal (reproduced/adapted from ref. 402 with permission from American

Chemical Society, Copyright 201940?).

are often detrimental to the battery performance. Additionally,
they also highlighted the importance of selecting suitable
monomers/oligomers and achieving complete polymerization
during the in situ process. Indeed, it is worth mentioning that
the polymerization time is an important factor, as it determines
the duration for which the MMA monomer molecules remain
close to the reactive Li-metal surface. In the case of thermal
polymerization, the time required is very long compared to y-ray
irradiation. Even though the article does not specifically mention
this factor, the polymerization time could be an important
parameter in controlling the surface reactions.

In recent reports, Griinbaum et al. suggest that the presence of
trace impurities such as water and alcohol is the primary reason
for the decomposition of the ester group in proximity with
Li-metal. Also, it is demonstrated that the formation of LiOH or
lithium alcoholates (LiOR) can hydrolyze ester bonds in a contin-
uous process (ester saponification or Claisen condensation),
which, as a side product, can generate more alcohol molecules
as shown in Fig. 13c.** Additionally, the native impurities such as

2730 | Energy Environ. Sci., 2021, 14, 2708-2788

LiOH formed on the surface of Li-metal, which is solubilized by
the moisture present in the monomer, can also induce several
of these side reactions. Therefore, it is crucial to make sure that
ester-based monomers and oligomers are dry and extra pure when
used in LMPBs to achieve the best performance. Provided that
additives that can guarantee the formation of a stable SEI over
Li-metal anodes or Li-metal compatible acrylate/methacrylate
molecules are used in the precursor, the separator assisted
approach can be much effectively revisited for LMPB fabri-
cation,*®® but preferably with a precursor free from impurities
(ultra pure/battery grade). Despite the aforementioned draw-
backs, PEs that are derived from acrylate and methacrylate
monomer/oligomer molecules remain the most explored and
popular for executing the in situ processing of LPBs due to their
ease of polymerization and low cost.

The transition from non-cross-linked to cross-linked acrylate/
methacrylate hosts has been found to improve the interfacial
properties of PEs against the Li-metal anode. Unlike the PEs
based on linear polymer hosts such as PMMA, cross-linked PEs

This journal is © The Royal Society of Chemistry 2021
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minimize HSAL-growth. An illustration in the context of a cross-
linked PE formed from the oligomer called poly(ethylene glycol)
dimethacrylate (PEGDMA) is presented in Fig. 14a.*** In a
multi-functional cross-linker molecule bearing acrylate/metha-
crylate functional groups, the spacer molecule between the
terminal functional groups can be of different chemical nature.
For example, the spacer group can be ethylene oxide (-EO-),
polycarbonate, polyurethane, polysiloxane, etc. The spacer
molecule/chain part can largely influence the physicochemical,
interfacial, and electrochemical characteristics of the final
cross-linked polymer network. Additionally, these spacer chains
can have many or a few repeating units (RU); hence, the properties
of the cross-linked polymer network can be tailor-made according

View Article Online
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to the application. For example, methacrylate oligomers having the
spacer molecule poly(diethylene glycol carbonate) are used for the
preparation of GPEs and SPEs for LMPB cells by employing
the in situ process [Fig. 14b-d].*** A precursor made of poly-
(diethylene glycol carbonate) dimethacrylate (PDEC-DMA), which
is a bi-functional cross-linker, other hydroxyl and ethyl terminated
mono-functional methacrylic derivatives, a plasticizer (EC/DMC), a
thermal initiator (AIBN), and LiTFSI salt are used for producing
cross-linked GPEs. At the same time, a precursor for the SPE is
prepared in the absence of a plasticizer. A cellulose separator
pre-soaked in the precursor is used for the in situ processing of
the LMPB cell. The GPE exhibited an ionic conductivity of
0.17 mS em ™" (25 °C) and a Ty value of 0.47, which is higher
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network)-based SPE compared to that of a linear PEO-based SPE (reproduced/adapted from ref. 394 with permission from Elsevier, Copyright 202

gelation

(@) Schematic representation of the mechanism by which HSAL-growth induced cell failure is prevented in a cross-linked PEO (depicted as a

0394).

(b) Synthesis scheme for the preparation of the SPE based on methacrylate monomers derived from poly(diethylene glycol carbonate) molecules.
(c) Photograph of the cellulose reinforced PE. (d) Cross-sectional view of the electrodelelectrolyte interface in the LFP cathode retrieved from the LMPB
cell (reproduced/adapted from ref. 393 with permission from The Royal Society of Chemistry®®®). (e) The in situ processing of an LMPB with a Li-powder
anode and LVO cathode by the separator assisted approach. (f and g) The SEM images of the pristine (f) and cycled Li-metal anodes with a low (g) and
high (h) degree of cross-links in the GPE (reproduced/adapted from ref. 395 with permission from Elsevier, Copyright 2014%%%).
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than several LEs (Ty; value of 0.2-0.3)."°” The improvement in
the Ty;+ value is also attributed to the presence of spacers based
on carbonate moieties.’’® GPE- and SPE-based LMPB (LFP||Li)
cells delivered cycling stability over several hundred cycles at
both 25 and 100 °C. Indeed, the good cycling stability can be
attributed to the cross-linking and the cellulose reinforcing
nature of these PE systems.

A GPE-based LMPB cell is fabricated using a heat-assisted
in situ process in which a LiV;0g (LVO) cathode is assembled
with (Fig. 14e) a Li-powder-based anode.?*> The cross-linked
GPE is produced from a precursor containing a dimethacrylate-
based oligomeric cross-linker, which bears spacer chains based
on -EO- molecules (poly(ethylene glycol) dimethacrylate,
PEGDMA), a plasticizer (1 M LiPFs EC:DEC as an LE), and a
thermal initiator (t-amyl peroxypivalate, TAPP). In this work,
the potential of additive chemistry is explored for enhancing
the overall electrochemical performance, for which a small
amount of (1 wt%) vinylene carbonate (VC) is added into the
precursor. In LEs, the primary role of VC is to act as an artificial
SEI layer forming agent over the anode surface; in this case, it is
Li-metal."”~*°° Here, as the polymerization rate of methacrylate
is very high and the concentration of VC in the precursor is very
low, it is not expected that the VC molecule will become a part of
the main chain of the polymer network. Although not explicitly
mentioned, the presence of VC in this work is expected to
mitigate/minimize any undesirable passivation (by dimethacry-
late) over the Li-metal anode. A typical artificial PIS-SEI formed
due to the presence of VC may also include species such as
poly(vinylene carbonate) (poly-VC), Li,CO;, and lithium alkyl
carbonates. Again, this work further emphasizes the significant
relationship between the impact of cross-links and reduction in
dendritic HSAL growth (as explained in Fig. 14a). Unfortunately,
the powdered Li-metal anode is very reactive due to its high
surface area available for reactions with the electrolyte compo-
nents. The HSAL growth in the powdered Li-anode is a big
challenge, and it is found to be suppressed when the cross-
linking density in the GPE is further increased with a higher
PEGDMA concentration in the precursor [Fig. 14f-h].>73%>*1°
Indeed, at higher current rates (2C), the GPE-based cell retained
85% of the discharge capacity (187 mA h g~ ') compared to the
value at 0.2C (220 mA h g~ ). This work indicates that fine-tuning
of the cross-linking density or, in other words, the toughness of
the PE is crucial for achieving improved interfacial properties,
hence preventing HSAL growth and ensuring good cycling per-
formance in LMPBs.

The in situ processing of an LNMO|GPE|Li cell using a
precursor consisting of a combination of a low molecular
weight diacrylate cross-linker (triethylene glycol diacrylate,
TEGDA), a co-monomer (butyl acrylate, BA), a plasticizer LE
(1 M LiPF¢ in a mixture of carbonate solvents), and a thermal
initiator (2,2’-azobis-(2,4-dimethylvaleronitrile), ABVN) was
reported by Fan et al.>®® Here, the amount of BA (monoacrylate)
used is almost double that of TEGDA in the precursor, which
reduces the overall cross-linking density, rendering the finally
produced cross-linked PE with enough flexibility and ease of
processibility. The GPE was claimed to possess ionic conductivity
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(5.5 mS em ™%, 25 °C) close to that of an LE, and oxidative stability
up to 5 V vs. Li|Li". Finally, the fabricated LNMO|GPE|Li cell
delivered a discharge capacity of 226 mA h g~ * between 2 V and
4.8 V (0.1C, 25 °C). Recently, a hierarchical gel-PCE, as shown in
Fig. 15a, was produced by using only a bi-functional cross-linker
(tri propylene glycol diacrylate, TPGDA). The resulting gel-PCE in
which SiO, hollow nanospheres are used as nanofillers is ana-
lyzed in LMPBs.*° Due to the high porosity of the nano SiO,
spheres, during the activation process, these PCEs act as an
electrolyte reservoir, hence absorbing a considerable amount of
LE (1 M LiPFs in organic liquid carbonates).*> The LMPB
fabrication is carried out by the in situ process; the researchers
incorporated the LE (1 M LiPF, in organic carbonates) and AIBN
into the precursor followed by thermal curing at 60 °C for 12 h.
The resulting SiO,-integrated gel-PCE (called SiSE) exhibited high
mechanical stability owing to the cross-linked polymer host
derived from TPGDA, and a good ionic conductivity value of
1.7 mS cm ™! at RT. Interestingly, the SiSE displayed dramatically
low flammability due to the presence of SiO,, along with improved
interfacial resistance and HSAL growth suppression at the Li-metal
anode (Fig. 15b). High oxidative stability (4.9 V vs. Li|Li') and
good cycling stability in LFP|SiSE|Li cells (discharge capacity =
160 mA h g~ ' at 0.2C, 200 cycles, Fig. 15c¢) are also achieved.
Several studies use multi-functional acrylate/methacrylate
monomer/oligomer molecules with ‘»’ (number of functionalities)
value >2 (called poly-functional to distinguish from bi-functional
molecules) that can result in cross-linked PEs [Fig. 16a-d]. Zhou
et al. used a tri-acrylate cross-linker (trimethylolpropane trimethyl-
acrylate, TMPTMA) and a thermal initiator (lauryl peroxide, LPO)
in the presence of an LE (1 M LiPFg in a mixture of carbonate
solvents).** The resulting cross-linked GPE film exhibited a high
ionic conductivity (1 mS cm ™) and oxidative stability value (5.0 V
vs. Li|Li"). The LIPB (fabricated by the separator assisted process)
cell (LCO|GPE|graphite) exhibited an initial discharge capacity of
129 mA h g at 0.2C over 100 cycles with a specific capacity
retention of 83%, which underlines the potential of poly-
functional monomers for the in situ processing of LPBs. Jeong
et al. used a slightly different cross-linker (trimethylolpropane
triacrylate, TMPTA), a non-volatile plasticizer (PEGDME,
M, = 250 Da), a thermal initiator (AIBN), and an LE (LiTFSI in
PC).*"* The precursor is used for LFP|GPE|Li cell fabrication
using the separator assisted in situ approach. Even though the
increase in cross-linking density due to the increased amount of
TMPTA (15 wt%) reduced the ionic conductivity and high rate
capability, the onset potential of oxidative decomposition of the
GPE is increased up to 5.3 V vs. Li|Li". In line with the studies
using multi-functional cross-linker monomers/oligomers, Li
et al. reported a GPE based on a tetra-acrylate cross-linker
(pentaerythritol tetraacrylate, PETEA) and the final LIPB is
fabricated by combining a high voltage LiNiCoAlO, (NCA)
cathode, and the separator assisted in situ process.*’” The
free-radical polymerization mechanism of PETEA is presented
in Fig. 17a."'® The work also demonstrates the capability of the
separator-supported GPE in providing enhanced safety to the
LIPB cell over LEs by the nail penetration test [Fig. 17b-d].
During the safety test, the surface temperature of the LE-based

This journal is © The Royal Society of Chemistry 2021
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LIB cell increases beyond 200 °C, whereas only to 105 °C in the
LIPB, in turn resisting the hazardous combustion reaction
[Fig. 17c and d]. Indeed, in the same work, it has been convincingly
demonstrated by the same authors that the elastic nature of the
cross-linked GPEs can suppress the volume changes occurring
in Si-electrodes during repeated electrochemical cycling (in a
NCA|GPE]|Si cell). A general scheme representing the elastic nature
of the PEs controlling the volume expansion of the Si anode is
illustrated in Fig. 18a and b.** In another study of a similar kind
by Bok et al, the cross-linked homo-polymer-based GPE derived
from the cross-linker ethoxylated trimethylolpropane triacrylate
(ETPTA) is found to be effective in controlling the volume change
of Si anodes in LIPBs.*"® Here, it is claimed that the precursor

This journal is © The Royal Society of Chemistry 2021

blends with the silicon anode via synergistic coupling (Fig. 18c).
The discharge capacity, rate capability, and cycling stability of
the Si|GPE|Li half-cell with GPEs are found to be far superior to
the LE-based cells. Scanning electron microscope (SEM) images
evidencing the suppressed volume changes in different types of
silicon anodes in the in situ processed LIPB cells are also
presented in Fig. 18d-1.

Poly-functional acrylate-based PEs also find application in
the in situ processing of advanced LMBs, in particular lithium-
sulfur (S|PE|Li) batteries.**®***> In S|PE|Li battery cells, it has
been proposed that cross-linked PEs can trap the polysulfides
(Fig. 19a) and help in suppressing their migration to the
metallic Li-anode, which in turn improves the cycling stability

Energy Environ. Sci., 2021, 14, 2708-2788 | 2733
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and Coulombic efficiency.*>*™**® For this purpose, a PETEA-
based precursor was thermally cured to obtain cross-linked
GPEs by Kang et al.*'®*'° During the LMPB cell preparation
process, the precursor is injected into a PMMA-based electro-
spun fiber network, which isolates the Li-metal anode and
S-cathode. The resulting GPE exhibits a high ionic conductivity
of 1 mS em ™. The S|GPE|Li cell is operated between 1.7 and
2.8 V showing a discharge capacity of 486 mA h g~' at 5C.
Indeed, the excellent cycling stability (83% capacity retention
after 500 cycles at 0.3C) of the S|GPE|Li cell is attributed to the
largely reduced polysulfide diffusion/shuttling imparted by the
cross-linked polymer host (similar to the representation in
Fig. 19a). The same group further demonstrated the use of
cross-linked GPEs for the fabrication of polysulfide|GPE|Li and
S|GPE|SnO, battery cells, and improved performance due to the
cross-linked nature of the PE system is confirmed.*?**2¢
Polymerizable ionic liquids**” (1-methyl-3-(2-acryloyloxyhexyl)
imidazolium tetrafluoroborate, MIT, Fig. 19b) with acrylate groups
have been used as long-chain monomers for the preparation of
GPEs, and their evaluation in in situ processed high voltage LMPB
cells (LCO|GPE|Li) is carried out.**® The polymeric ionic liquid
host in the GPE is realized by the separator assisted thermal
polymerization of the MIT monomer. In a typical procedure, the
MIT monomer is dissolved in an LE (1 M LiBF, in EC:DEC) in the
presence of a thermal initiator (TAPP) and thermally cured (90 °C
for 20 min) with the support of a separator. A small amount of
fluoroethylene carbonate (FEC) is also added to the precursor as a
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PIS-interphase forming additive. The ionic conductivity of the GPE
decreases with an increase in the percentage of the MIT monomer;
however, an ionic conductivity of 1 mS cm™ " is easily achieved at
RT. The in situ processed LMPB cell by the separator assisted
approach displayed a discharge capacity of ~134 mAh g~* (25 °C)
with good specific capacity retention (90%, 50 cycles, 0.2C). In a
similar approach, however, using a novel PE matrix architecture
such as an interpenetrated network (IPN), Huang et al. demon-
strated a polymeric ionic liquid-based GPE for the separator
assisted processing of LMPBs. Indeed, a porous PVdF-HFP
electro-spun membrane is used as a separator for the in situ
fabrication of an LMPB (LFP|IPN-GPE|Li) cell by the thermal
curing process (70 °C, 12 h).*** An IPN polymer is a mixture of
two or more polymer networks that are not covalently linked to
each other but entangled (interlaced) in such a way that the
individual polymer networks cannot be pulled apart unless
chemical bonds are broken.’® In this work, along with a
mono-functional ionic liquid-based long-chain acrylate monomer
(1-butyl-3-(2-methacryloyloxyhexyl)imidazolium  bis(trifluoro-
methane sulphonyl) imide, MHBIm-TFSI), a diacrylate oligomer
(poly(ethylene glycol) diacrylate, PEGDA) is also used as a cross-
linker to enhance the cross-linking density, which improves the
overall mechanical stability of the resulting IPN-GPE. The
resulting highly cross-linked IPN-GPE delivered a high ionic
conductivity (1.3 mS cm™ ') and a wide oxidative stability value
(5 V vs. Li|Li"). The in situ processed (separator assisted) LMPB
coin-cell is galvanostatically cycled at 40 °C, which displays a
high specific capacity value (152 mA h g™, 0.1C) along with
good retention (94%, 100 cycles). Interestingly, a flexible LMPB
pouch cell fabricated using the same approach also delivered a
similar overall cycling performance.

Hetero functionalities often facilitate the fine-tuning of the
chemical resistance,**® interfacial and transport properties (e.g.,
ionic conductivity, Ti;+), and thermal properties (e.g., non-
flammability and high-temperature stability) of PEs.*****¢ For
this purpose, in situ processable organic-inorganic hybrid
monomers/oligomers are explored. In line with this, functional
moieties such as siloxane, boranes, and phosphate groups are
introduced into the monomer/oligomer structure.>*>*****” For
example, Kim et al. used a star-shaped siloxane acrylate cross-
linker for the preparation of LIPBs (LCO|GPE|graphite) by the
separator assisted in situ process (Fig. 20a).**” The precursor
made of siloxane acrylate, an LE (1 M LiClO, in EC:DMC), and a
thermal initiator (z-butyl peroxypivalate, TBPP) is supported on a
microporous polyethylene substrate between the electrodes and
subjected to thermal curing (80 °C, 20 min). The GPE with a
cross-linker content of 5.0 wt% displayed a high ionic conduc-
tivity (1.3 mS cm™ ') at ambient temperature along with wide
oxidative stability (4.5 V vs. Li|Li"). The in situ processed LIPB
cell delivered a discharge capacity of 137 mA h g~ (0.5C) with
84% capacity retention over 100 cycles. Later, the same group
used a tri-acrylate cross-linker (tris(2-(acryloyloxy) ethyl) phos-
phate, TAEP, Fig. 20b) to prepare a PE.**® The device fabrication
followed a similar procedure except for using a phosphate-based
cross-linker in place of siloxane acrylate, which demonstrated
a comparatively average performing cell. Moreover, when they

This journal is © The Royal Society of Chemistry 2021
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from ref. 418 with permission from Elsevier, Copyright 2016*®). (b) The illustration of changes occurring inside the LE- and GPE-based cells (denoted as
NLGS and NPGS, respectively) during cycling. In the case of LE-based cells, the interphases at the electrodes are not uniform and not effective. This leads
to side reactions between the electrode and LE components, leading to early failure of the cell. However, in the case of the in situ processed GPE-based
cell, the efficient interphases inhibit the side reactions and improve the cycling stability. (c) The nail penetration test results of the LE-based cell leading to
inflation and violent combustion (the surface temperature increased to 200 °C). (d) The GPE-based cell exhibited no obvious changes, and the highest
surface temperature reached after the nail penetration test is only 105 °C (reproduced/adapted from ref. 417 with permission from The Royal Society of

Chemistry*?).

moved to a GPE based on a fluorinated phosphorous-based
cross-linking agent named 2-(2-(1,1-difluoro-2-hydroxy ethoxy)-
1,1,2,2-tetrafluoroethoxy)-2,2 difluoroethylacrylate (FTGA) (Fig. 20c),
superior ionic conductivity (0.49 mS cm ™" for the TAEP-based GPE
and 0.56 mS cm™ " for the FTGA-based GPE) is exhibited by the
FTGA-based GPE."* Indeed, both GPE systems exhibited a lower
oxidative stability value of 4.2 V vs. Li|Li". Thus, it can be learned
that the selection of the hetero-functionality is critical for achieving
improved electrochemical performances, and even though fluoro-
and phosphate-based polymers deliver improved safety, their
electrochemical performance needs to be further enhanced.

This journal is © The Royal Society of Chemistry 2021

In contrast to the earlier-mentioned reports in which a single
hetero-atom functionalized cross-linker is used alone, boron-
based cross-linked copolymer hosts derived from a combination
of linear and branched acrylate cross-linkers have been proposed
for LMPBs.**® Here, boron-containing acrylate cross-linkers are
prepared by a reaction involving trimethyl borate (TMB). For
instance, the bi-functional linear borate cross-linker (LBC) is
synthesized from glycerol monomethacrylate (GMMA) and TMB
in the presence of poly(ethylene glycol) (PEG) (Fig. 21a). On the
other hand, the tri-functional branched borate cross-linker
(TBC) is prepared by the reaction between poly(ethylene glycol)
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the structural collapse of the silicon-anode during the repeated lithiation
and de-lithiation process in the absence of an elastic GPE; and (b) the
suppression of the afore-referenced structural collapse in the case of a
silicon-anode integrated with an elastic GPE (reproduced/adapted from
ref. 421 with permission from Springer Nature, Copyright 2019.4%
Distributed under a Creative Commons Attribution License International

(a) Volume change, particle displacement, and cracking leading to

4.0 (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)). (c) Schematic
illustration of various silicon structures used as anode materials and their
synergistic coupling with an ETPTA-based GPE during the in situ process; and
(d-1) cross-sectional SEM images depicting the extent of volume expansion of
various Si-anodes. In the 1st column (d—j), pristine anodes are shown. The 2nd
and 3rd column depict the volume expansion of Si-anodes retrieved from the
LE (e—k) and GPE (f-|) based cells (after 100 cycles). (d—f) mesoporous Si;

(g—i) micro-sized macroporous Si; and (j—1) Si sheet (reproduced/adapted

from ref. 413 with permission from The Royal Society of Chemistry*).

methacrylate (PEGMA) and TMB (Fig. 21b). Considering the
combination of di- and tri-functional methacrylate cross-
linkers, the PE can be considered to possess a well-balanced
3D-structure with a cross-linked and mechanically stable polymer
host. The authors have convincingly demonstrated that the
thermally cross-linked and flexible GPE (3D-BGPE) with a high
Tyi+ value of 0.76 inhibits HSAL growth compared to that of
conventional LEs, as illustrated in Fig. 21c. In particular, the
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high T ; value is achieved due to the Lewis-acid character of the
boron center, which interacts with the anions facilitating
the free-movement of Li'-ions within the polymer matrix.
Besides, the boron-containing 3D-GPE with a high Ty value
can maintain uniform Li'-ion flex at the Li-metal|electrolyte
interface, favoring the smooth deposition of Li, which is
not possible to achieve with a conventional LE.**° It is worth
mentioning that the 3D-BGPE exhibits a good ionic conductivity
(0.084 mS ecm™ ", 30 °C) and an overall oxidative stability
(4.5 V vs. Li|Li"). The LFP|3D-GPE|Li cell fabricated using the
in situ process in the presence of a cellulose-based separator
retains x~90% of the initial capacity (118 mA h g, 0.5C) over
400 cycles at 30 °C (Fig. 21d). Indeed, this work is an excellent
example of using an inorganic polymer matrix having a boron atom,
which plays the part of a copolymer chain and a Lewis acid center to
deliver high T;; values. However, such studies focusing on hetero-
atoms are scarce in the literature and must be explored further.

In line with acrylate/methacrylate monomers and oligomers
being explored for more than two decades, non-acrylate/metha-
crylate molecules are recently receiving attention in the context
of the in situ process. For example, the monomer vinylene
carbonate (VC) is often used as a popular additive in LEs for
improving the properties of the PIS-SEI formed on both graphite
and Li-metal anodes.”*"**> Since VC contains an unsaturated
double bond, it is possible to polymerize VC to poly-VC homo-
polymer-based PEs by the free-radical polymerization process.
One such approach was attempted by Chai et al. (Fig. 22a)*** in
which an SPE-based LMPB (LCO|SPE|Li) cell is in situ processed
using a thermal polymerization process. A precursor containing
1.0 M lithium difluoro(oxalato) borate (LiDFOB) in VC and an
AIBN initiator is injected into a 2032-coin cell with a cellulose
separator and subjected to thermal curing (Fig. 22b). However,
the complete conversion of the monomer to the polymer
required about 24 h. The time taken for the polymerization is
very high compared to acrylates and methacrylates, which
undergo polymerization faster during the thermal and UV
curing process. Indeed, the UV curing process may take a few
seconds to minutes for acrylates and methacrylates, whereas
thermal curing takes a few minutes to hours. The poly-VC-based
SPE exhibits an ionic conductivity of 0.01 mS cm™* at 25 °C. The
SPE also showed a Ty;+ value of 0.57 and an oxidative stability
value of 4.5 V vs. Li|Li". At 50 °C, the separator (cellulose paper)
assisted in situ processed LCO|SPE|Li cell displayed a discharge
capacity of 146 mA h g~ ' (0.1C), and after 150 cycles, 84% of the
total initial capacity is retained. The photograph of the post-
cycled PE-integrated cathode is displayed in Fig. 22c along with
the cross-sectional SEM image of the cathode|electrolyte inter-
face (Fig. 22d) of the PE-covered surface of the LCO electrode
and a pristine LCO surface (Fig. 22e). The results obtained by
Chai et al. are promising for VC to be further explored for PE
applications as a PEO-free alternative for LMPBs.

Another study by the same group extended the poly-VC-
based PE for the in situ processing of LIPBs as well, in which,
along with the precursor solution containing VC and AIBN,
an LE (1 M LiDFOB in EC:DEC) is also introduced to obtain a
GPE.*** Compared to the SPE, the GPE exhibited a high ionic

This journal is © The Royal Society of Chemistry 2021
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(a) The mechanism of trapping of polysulfides in a PETEA-based GPE. In the LE-based S|LE|Li battery cell, the breakdown and reconstruction of

the passivation layer (CEl) due to the volume changes in the S cathode during the charge/discharge cycles lead to the dissolution of polysulfides.
However, the in situ processing helps the tightly cross-linked PETEA-based GPE to cover the S electrode effectively by providing flexibility to the
passivation layer against volume changes of sulfur particles. The PETEA-based GPE, in combination with a flexible passivating layer, effectively suppresses
polysulfide dissolution and the gradual evolution of interfacial resistance (reproduced/adapted from ref. 418 with permission from Elsevier, Copyright 2016*%). (b)

Synthesis of the polymerizable ionic liquid monomer called MIT (reproduced/adapted from ref. 428 with permission from Elsevier, Copyright 201

conductivity of 0.56 mS cm ™" and an overall oxidative stability of
4.8 V vs. Li|Li" despite the low Ty of 0.34. Indeed, from a
mechanical characteristic point of view, even though it is a
GPE, the rigid cyclic carbonate moieties in the polymer backbone
provide excellent mechanical stability. The GPE is used for the
fabrication of LiFe, ,Mn, gPO, (LFMP)|GPE |graphite cells by the
separator assisted in situ process in both the 2032-coin and pouch
cell configurations. At 1C, the coin-cell delivered a discharge
capacity of 120 mA h g~ " with a capacity retention of 88.7% even
after 1000 cycles with a Coulombic efficiency of 100%. Ultimately,
these unconventional polymer hosts other than the classical PEO
or acrylates/methacrylates are also promising for PE applications
concerning high Ty;+, oxidative stability, and mechanical properties.
Therefore, such PEs must be investigated further.

5.2 In situ processing by the direct deposition approach

In this section, the reports on the in situ processing of LPB
cells using the direct deposition approach are emphasized.
In this approach, cross-linked polymer hosts are considered as

This journal is © The Royal Society of Chemistry 2021

3428) )

the most promising candidates due to their excellent mechanical
properties compared to linear polymer hosts. Many of the cross-
linked PEs discussed in the context of the separator assisted
in situ process may be useful for the direct deposition approach
as well. The transition from the separator assisted approach to
direct deposition is helpful in the context of LMPBs since those
precursors contain Li-metal incompatible acrylate/methacrylate
or any other reactive molecules. These precursors do not come in
direct contact with Li-metal, since the PE deposition is often
carried out at the cathode side as shown in the direct deposition
approach 1 (Fig. 8b). Hence, the unwanted side-reactions (if any)
between the reactive Li-metal surface and the pristine monomers/
oligomers can be avoided (Section 5.1, Fig. 13b and c).

One report in which the direct deposition approach is
employed for the in situ processing of LMPB cells by Niu et al.
uses a mono-functional monomer called ethylene glycol phenyl
ether acrylate (EGPEA).*** This work is important as it overrules
the two conventional schools of thought existing in the
LB community based on the existing literature reports that
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(i) acrylate/methacrylate monomers are not suitable for LMPBs,
and (ii) cross-linked PEs are indeed necessary to prevent
HSAL growth, by convincingly proving that Li-metal compatible
acrylate monomer-derived non-cross-linked homo-polymer
hosts with high mechanical stability are also suitable for LMPBs.
Interestingly, the non-cross-linked homo-polymer-based GPE
derived from EGPEA exhibits good mechanical strength, which
could be due to the bulky phenyl group present in the monomer
structure. A similar acrylate monomer with a phenyl group in its
chemical structure called 2-hydroxy-3-phenoxypropyl acrylate
(HPA) was previously used for the in situ processing of non-
aqueous GPE-based supercapacitors providing high mechanical
stability compared to the phenyl-free MMA counterpart.®*® 1t is
worth mentioning that the work by Niu et al. is one of those rare
reports in which a non-cross-linked acrylate-based homo-polymer
host is employed for the in situ processing of LMPBs by the direct
deposition approach over the Li-metal anode. The work claims
that, during the in situ polymerization process, the solvent
molecules, the oligomeric EGPEA, and the PEGPEA fragment
are firmly bound to the Li-metal surface to constitute the PIS-SEI
layer. Indeed, the Li-metal body is protected against any volume
changes by the synergistic combination of the PIS-SEI layer and
the subsequent bulk GPE present above it. Moreover the PIS-SEI
and GPE layers can suppress HSAL growth as compared to an LE
or any other commonly used non-cross-linked PEs derived from
monomers such as MMA. The EGPEA-based GPE exhibited an RT

2738 | Energy Environ. Sci., 2021, 14, 2708-2788
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ionic conductivity of 3.35 mS cm ™" with an oxidative stability value
beyond 4.9 V vs. Li|Li'. The as-fabricated LiNiysMng3C0020,
(NMC532)|GPE|Li cell can be operated between 2.8 and 4.6 V
at RT. At 0.2C, the LMPB cell displayed a discharge capacity of
150 mA h g™, with 98% retention over 70 cycles.

Nair et al. reported a Li'-ion conducting semi-interpenetrated
(s-IPN) SPE and an innovative water-based spray deposition
process of a PE coating over the cathode surface.***> Unlike an
IPN, an s-IPN is a polymer blend in which the constituent
individual polymer networks may be separated without disrupting
a chemical bond.*®® By using such a polymer matrix architecture,
the benefits of multiple polymer hosts can be effectively utilized.
For example, the Tg value, mechanical properties, crystallinity, and
chemical sensitivity can be fine-tuned. The s-IPN-SPE is produced
from a precursor solution containing an oligomeric cross-linker,
namely bisphenol A ethoxylate dimethacrylate (BEMA, denoted as
BDM in this work), PEO, LiTFSI salt, AIBN, and acetonitrile solvent
as a processing aid. The optimized SPE displayed an ionic
conductivity in the order of 0.01 mS cm ™" at 20 °C which exceeded
1.0 mS ecm ! at 80 °C with an oxidative stability value of 4.5 V vs.
Li|Li". For the fabrication of LMPBs (LFP|SPE|LI) in a pouch bag
configuration by the in situ process, the precursor (water as a
solvent and 2,2'-azo bis(2-methylpropionamidine) dihydrochloride
(AAPH) as the initiator) is spray-coated over the cathode surface
followed by a thermal curing process. The formed SPE-integrated
composite electrode is then dried under a vacuum at 90 °C for the
complete removal of water. At 70 °C, the LMPB cell delivered a
discharge capacity of 160 mA h g~ at 0.1C. Surprisingly, at 1C, a
capacity value of 140 mA h g~ ' is obtained, and 70% of it is
retained even after prolonged 2000 cycles. In another report, a GPE
based on BEMA combined with a high boiling point organic
plasticizer, namely dimethyl polyethylene glycol (DPG) and LiTFSI
salt, is reported (Fig. 23a).>*® This approach is a solvent-free in situ
processing technique and carried out using a thermal curing
process (AIBN, 80 °C for 1.0 h.) Compared to SPEs based on BEMA
and PEO, the GPE system exhibited high ionic conductivity values
of 0.10, 0.14, and 1.4 mS em ™" at 0, 20, and 100 °C, respectively.
This proves that better plasticization is induced by DPG as
compared to long chain and high molecular weight PEO.
Additionally, the Ty;+ values achieved for DPG-based GPEs are
also superior to those of PEO-based SPEs. It is worth noting that
this process is a solvent-free technique, less tedious, and faster
than solvent-based processing. Finally, the GPE is stable beyond
4.7 Vvs. Li|Li*, and a Ty;+ of 0.45 at 25 °C is also obtained. The
cathode-electrolyte composite electrode is then contacted with
a Li-metal anode, and the LMPB cell is fabricated. The in situ
processed LFP|GPE|Li (LFP modified with PEDOT:PSS) cell
displayed a discharge capacity of 130 and 140 mA h g’
(at 0.1C) when cycled at 25 and 70 °C, respectively. In both
cases, it is also cycled for more than 300 cycles without any
failure. These two reports are engaging in the context of a direct
deposition approach as they use a single bi-functional cross-
linker BEMA in the precursor solution, and both solvent-
induced and solvent-free processing approaches are proposed
along with a spray deposition method and an s-IPN polymer
host architecture.

This journal is © The Royal Society of Chemistry 2021
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Fig. 21 Synthesis route to (a) di- and (b) tri-methacrylate cross-linker monomers containing boron; (c) the illustration of the homogenous Li*-ion flux
offered by boron-containing PEs with a high T,;+ value facilitating HSAL-free cycling in Li-metal cells compared to conventional LEs; and (d) improved
cycling stability of the LFP|3D-GPE|Li cell over the LE counterpart (reproduced/adapted from ref. 366 with permission from The Royal Society of

Chemistry®6).

Gerbaldi et al. reported an RTIL-based cross-linked IGPE by
the UV irradiation process (10 min).>?>**° The precursor consists
of di- and mono-methacrylate oligomers, namely BEMA and
poly(ethylene glycol) methyl ether methacrylate (PEGMEM),
respectively. HMPP is used as the UV initiator and the RTIL
(N-methoxyethyl-N-methylpyrrolidinium  bis(trifluoromethane-
sulfonyl)imide, PY;,0;-TFSI-RTIL) as the liquid plasticizer along
with LiTFSI salt. The optimized IGPE exhibited an ionic con-
ductivity of 0.80 and 5.5 mS cm ™" at 20 and 80 °C, respectively.
Here, the copolymer host can be considered as a loosely cross-
linked copolymer due to the combination of di- and mono-
methacrylate oligomers present in the precursor, which results
in a low cross-linking density. Additionally, the pendant chain
of PEGMEM can act as an internal plasticizer to reduce T, and
increase the Li'-ion transport. Due to the presence of the RTIL,
which is thermally stable at high temperature, the overall
thermal stability of the IGPE is beyond 300 °C, and a high

This journal is © The Royal Society of Chemistry 2021

oxidative stability value of 5.2 V vs. Li|Li" is also achieved. High
thermal stability is inherited from the high boiling point of
the RTIL used, which cannot be achieved using conventional
carbonate-based solvents. However, the Tj;+ value is found to be
as low as 0.18 at 60 °C, which is a typical challenge concerning
the use of RTILs, where the high concentration of mobile
ions imparts a high total ionic conductivity (coming from the
conductivity of the anion and cation), but limited Li*-ion con-
ductivity (o). Indeed, for application in LMPBs, in general, PEs
should possess a very high gy;+ and the total conductivity is not
quite sufficient. Still, the in situ processed LFP|IGPE|Li cell
demonstrated a discharge capacity of 85 mA h g~* (0.1C) at
RT, good cycling stability, and capacity retention up to 30 cycles.

In another report from the same group, a similar precursor
is used to fabricate LIPBs and LMPBs using a thin-film of V,05
as the cathode.?®* This approach is close to the one used for
silicon anodes, where the volume expansion is controlled by the

Energy Environ. Sci., 2021, 14, 2708-2788 | 2739
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Fig. 22 (a) The photograph presenting the conversion of VC into poly-VC
followed by heating at 60 °C for 24 h; (b) photograph of the cellulose
reinforced poly-VC-based SPE (denoted as cellulose/PVCA-LIDFOB);
(c) photograph of the SPE-deposited LCO cathode after electrochemical
cycling; (d) cross-sectional SEM image presenting the cathodelelectrolyte
interface; and (e) SEM image of the LCO surface before (inset) and after
SPE deposition (reproduced/adapted from ref. 443 with permission from
John Wiley and Sons, Copyright 2016.4** Distributed under a Creative
Commons Attribution License International 4.0 (CC BY 4.0) (https://
creativecommons.org/licenses/by/4.0/).

use of a strong network forming polymer matrix [Fig. 18a and b].
Nanomaterials such as V,0s5, when exposed to long-term cycling,
undergo pulverization, where these particles break into smaller
particles and eventually degrade the cell. Indeed, in this work, the
authors demonstrated that the in situ polymerized GPE could
hold the nanoparticles tight and avoid pulverization; hence
long-term cycling can be achieved. The LMPB cell displayed a
discharge capacity of 130 mA h g~ " at a current rate of 1.5C. After
cycling for 500 cycles at various current rates, a 70 mA h g~*
specific capacity is still retained at 10C. Besides, in the LIPB cell
(graphite anode), the specific capacity is found to be around
100 mA h ¢~* (1C) and 75 mA h g~* (5C) after 50 cycles.

In another study from a different group, using a similar
approach, a cross-linked IGPE is prepared from a combination
of tri- and di-acrylate cross-linkers, and an RTIL/lithium salt
mixture (Pyry3-TFSI/1 M LiTFSI) in the presence of HMPP.>* It
is observed that the RT ionic conductivity is a maximum for
the IGPE derived from the short-chain cross-linkers ETPTA and
1,6-hexanediol diacrylate (HDDA) (1.1 mS cm™'). The in situ
processed LMPB cell (LFP|IGPE|Li) exhibited a specific capacity
of 120 mA h g~ (0.2C and 20 °C), and was stable over 50 cycles.
Apart from the thermal stability offered to the PE by the RTIL,
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Fig. 23 (a) Materials and processes involved in synthesizing a BEMA-

based GPE and the in situ processing of the PE over an LFP electrode.
On the right-hand side, the physical appearance of the self-standing GPE
film is given. The inset presents the ready-to-use PE deposited LFP
electrode for LMPB fabrication (reproduced/adapted from ref. 396 with
permission from Elsevier, Copyright 2016%°). (b) Components in the precursor
and scheme adopted for the synthesis of the SIC-PE film; (c) schematic
representation of the in situ processing of LFP|SIC-PE|Li cells by the direct
deposition approach; (d) specific capacity as a function of C-rate at 25 and
70 °C; and (e) plot of the cycling stability of the LFP|SIC-PE|Li cell at 25 °C
(reproduced/adapted from ref. 370 with permission from American Chemical
Society, Copyright 2016%7°).

this work also suggests the suitability of cross-linked IGPEs in
offering better Li-plating morphologies than carbonate solvents
in GPEs. Hence, it can be learned that RTILs combined with
suitable cross-linked polymer hosts can convincingly reduce
the pulverization of electrode materials, offer high thermal and
oxidative stability, and improve the Li-deposition morphologies
in LMPBs.

Single-ion conducting polymer electrolytes (SIC-PEs) are
those in which the anion is covalently attached to a polymer
chain so that the ion conduction occurs exclusively due to the
mobility of cations (or vice versa). Such Li‘-ion conducting
SIC-PEs can offer remarkably high Ty;+ values, which can help
suppress HSAL growth by maintaining a uniform flux of
Li'-ions close to the Li-metal surface.***™**° It is a challenging
task to achieve a PE that simultaneously possesses high Tt and

This journal is © The Royal Society of Chemistry 2021
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ionic conductivity values.*”® In a recent report, an SIC-PE
possessing the aforementioned features was developed and
used for LMPB fabrication by the in situ process (Fig. 23b).>”°
The new SIC-PE is prepared by facile and single-step free-radical
copolymerization of lithium 1-[3-(methacryloyloxy)-propyl sulfonyl]-
1-(trifluoromethylsulfonyl) imide (LiMTFSI) with mono- and
bi-functional methacrylate oligomers, namely PEGMEM and
PEGDMA, respectively. Besides, PC is used as a plasticizer to
enhance the ionic conductivity. The optimized SIC-PE exhibited
a high ionic conductivity of 0.11 mS cm ™" along with a high
oxidative stability value of 5.5 V vs. Li|Li" at 25 °C. The single-
ion conduction in the PE is attributed to the anionic character
of the loosely cross-linked copolymer-host due to the covalent
tethering of the MTFSI™ moieties in the polymer backbone. As a
result, the only mobile species present in the PE are Li'-ions,
which eventually act as the predominant charge carrier. Hence,
high T;+ values of 0.88 and 0.90 are achieved at 25 and 70 °C,
respectively. Besides, in synergy with PC, the SIC-PE membranes
also demonstrate excellent interface/interphase stability against
the Li-metal anode. The fabrication of an LMPB cell (LFP|SIC-PE|Li)
by the in situ direct deposition process is presented in Fig. 23c. A
high LFP mass loading of 5 mg cm™> is used for the cell
assembly, which exhibited high cycling performance both under
high (143 mA h g%, 0.1C, 70 °C) and low (126 mA h g%, 0.1C,
25 °C) temperature conditions (Fig. 23d). Indeed, the in situ
processed LMPB cell at RT retained 98% of its initial capacity
even after 100 cycles at 0.1C.

Apart from ester-containing acrylate and methacrylate vinyl
monomers and oligomers, acrylate/methacrylate-free allyl species
are also employed for the in situ processing of LPBs by the free-
radical polymerization pathway. However, such reports are rare
due to the relatively slow-polymerization of allyl monomers and
oligomers.*”"* The slow polymerization rate of allyl molecules is
mainly arising from the high stability of allyl free-radicals, which
results in the inhibition of the propagating chain. The stabili-
zation of allyl radicals is known as ‘degradative chain transfer,’
which involves the abstraction of allylic hydrogen and resonance
stabilization, as shown in Fig. 24a.*>* Consequently, allyl mono-
mers and oligomers lead to the formation of low molecular
weight polymers and often require large quantities of free-
radical initiator species to achieve the complete conversion of
the monomer to the polymer. Brandall et al used allyl ether-
terminated polycarbonate oligomers for the in situ fabrication of
thin-film LMPB cells by the UV polymerization technique.**> The
mono-functional allyl ether monomer (2-allyloxymethyl-2-ethyltri-
methylene carbonate, AEC) is prepared by the ring-closing
reaction of trimethylolpropane mono-allyl ether in the presence
of 1,1-carbonyldiimidazole (CDI) (Fig. 24b). The AEC monomer
is then partially homo-polymerized using 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) as an organocatalyst, and benzyl alcohol as a
protic initiator. The low molecular weight PAEC oligomer formed
is later mixed with LiTFSI and a photo-initiator (2,2-dimethoxy-2-
phenylacetophenone, DMPA), and subjected to another round of
UV irradiation to get a mechanically stable and self-standing SPE.
The SPE films displayed ionic conductivities of 0.0004 mS cm ™"
and 0.005 mS cm ™" at 25 °C and 60 °C, respectively, which are
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Fig. 24 (a) The process of allyl radical resonance stabilization by a degradative
chain transfer mechanism.*** (b) Synthesis of allyl ether monomer AEC and its
conversion to PAEC. The PAEC is made into a precursor in the presence of a
LiTFSI salt and DMPA initiator and is subjected to UV irradiation over a V,Os
cathode (direct deposition) for the in situ processing of LMPBs. (c) Galvanostatic
charge—discharge profile of the V,Os|SPE|Li cell as a function of cycle number
at 60 °C (reproduced/adapted from ref. 445 with permission from John Wiley
and Sons, Copyright 20164,

comparatively lower than the classical PEO-LiTFSI system. How-
ever, the SPE is directly prepared over the V,Os electrode to
obtain a V,05|SPE|Li cell and galvanostatically cycled at 60 °C
(Fig. 24c). Indeed, the cells are made from Li-metal and V,05 thin
films as the anode and cathode, respectively, which are mainly
intended to be used in thin-film microbatteries. Hence, the lower
conductivity may not be that detrimental as compared to a
standard conventional LMPB cell.

As already explained in Fig. 10b, one way to achieve an ester-
free cross-linked PE starting from linear homo-polymers such
as PEO is by the generation of free-radicals by the hydrogen
abstraction process. In such an approach, Porcarelli et al. used
a precursor made using PEO, tetraglyme, LiTFSI, and a UV
initiator (4-methyl benzophenone, MBP) (see Fig. 25a).*”> Indeed,
the cross-linking process is initiated through the abstraction of
hydrogen from PEO; in other words, it is a protic mechanism
(Norrish type II) generating a free-radical.*>
reacts with another free-radical in the same or another ~EO- chain.
Tetraglyme can also be a part of the polymer chain since it also

This free-radical later
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Fig. 25 (a) Representation of the UV-light induced cross-linking process

of PEO and tetraglyme by a Norrish type Il pathway for the preparation of a
PE. A plausible illustration of interconnected PEO chains is provided at the
bottom, and the mechanically stable SPE film is shown at the top
right-hand side. (b) SEM image of the electrodelelectrolyte interface.
(c) The complete cycling stability data of the in situ processed (direct
deposition approach) TiO,|SPE|Li cell (reproduced/adapted from ref. 375
with permission from Springer Nature, Copyright 2016.3”° Distributed
under a Creative Commons Attribution License International 4.0 (CC BY
4.0) (https://creativecommons.org/licenses/by/4.0/)).

possesses hydrogen that can be abstracted like PEO. Additionally,
it is reported that several oligomers of tetraglymes can be formed
in cross-linked PEs, providing an additional plasticization effect.
The structure of the polymer host can be considered as linear
chains of PEO, cross-linked to each other, which are tethered with
covalently linked tetraglyme units. One of the advantages of such
an approach is that the physical properties of the polymer chain,
such as crystallinity, can be controlled by the cross-linking process
as the interlinking restricts the mobility of polymer chains to pack
into their crystalline form. All the cross-linked PE samples
exhibited ionic conductivities beyond 0.1 mS em ™" at 25 °C. A
maximum Ti;+ value of 0.55 is achieved for the optimized
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sample along with a high oxidative stability value that goes
beyond 5 V vs. Li|Li". In Fig. 25b, the SEM image of the cross-
linked PE-integrated TiO, electrode is shown. The in situ processed
TiO,|PE|Li cell exhibited a discharge capacity of ~140 mAhg ' at
0.1 mA cm 2 over 100 continuous cycles (20 °C) [Fig. 25c]. In
another study, a similar approach was attempted by the same
group, but, instead of tetraglyme, an RTIL is used.**® The mobile
RTIL in the cross-linked PEO host can induce effective plasticiza-
tion, which is also reflected in the improved ionic conductivity
value of the IGPE (0.25 mS cm ™", 20 °C). Additionally, the cross-
linking process aids in reducing or even altogether avoiding the
leakage of the RTIL from the PE along with improved elasticity.
Indeed, the in situ processed LFP|IGPE|Li cell cycled at both 20
and 50 °C demonstrated a high rate capability and an excellent
Coulombic efficiency.

Large size bipolar-stacked LMPBs are very important for
high-voltage and high-energy applications. In line with improving
the electrode|electrolyte interface in such designs, Wei
et al®*®® adopted the in situ polymerization process for the
preparation of an SPE and cell fabrication by a thiol-ene click
reaction,**%377:432436:457 por this purpose, they employed materials
such as the PEGDA oligomer, a multi-functional thiol (pentaery-
thritol tetra (3-mercaptopropionate), PETMP), DMPA initiator, and
LiTFSI salt (Fig. 26a). The precursor prepared using the above
materials is directly deposited over the LFP cathode and UV-cured
to produce a PE integrated composite electrode, followed by LMPB
fabrication (Fig. 26b). The molecular weight of the PEGDA and the
EO:Li ratio are found to influence the ionic conductivity of the
SPEs. The PEGDA (M,, = 1000 Da)-based SPE with EO:Li =20:1
displayed the highest ionic conductivity (0.13 mS cm ™, 60 °C).
The high molecular weight of PEGDA can induce longer and
more flexible chains between the chemical junctions in the SPE
network, which provides better internal plasticization and chain
mobility, thus facilitating ion conduction. Additionally, by using
a long cross-linker, the cross-linking density can also be con-
trolled. The oxidative stability value of SPE-1000 is ~5.1 V vs.
Li|Li" with excellent thermal stability. Another report by Grewal
et al. also suggests the suitability of using click reactions as a
tool for producing cross-linked SPEs.**> Here, along with thiol-
ene chemistry, a thiol-epoxy click reaction is also demonstrated
as an efficient tool for SPE preparation (Fig. 26¢). Although the
in situ processing of the LPB cell is not attempted in this work,
thiol-epoxy click chemistry is also expected to gain attention in
the near future, which gives enough maneuverability to the
production of various types of PEs.

Apart from the ‘ene’ group from acrylates/methacrylates, allyl
ether monomers are also employed for thiol-ene click reactions.
Shim et al. reported the synthesis of an SPE by a thiol-ene click
reaction under fluorescent light irradiation (Fig. 26d).*>® An
allyl-PEO oligomer, an allyl gallic acid (n = 3) monomer, and a
branched polysiloxane oligomer having a thiol group (BPT) are
used for the generation of a cross-linked polymer backbone.
LiTFSI and DMPA are used as a conducting salt and photo-
initiator, respectively. The optimized SPE (A-BPTP80) displayed
an ionic conductivity of 0.4 mS ecm ™" at 60 °C. The precursor is
directly deposited on an LFP cathode followed by a cross-linking
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Fig. 26 (a) The synthetic route towards the preparation of a cross-linked polymer network by a UV-light induced thiol-ene click reaction; (b) the
schematic representation of the in situ processing of the LMPB cell by the direct deposition approach using an SPE prepared by a thiol—ene click reaction
(reproduced/adapted from ref. 388 with permission from Elsevier, Copyright 2018°%8); (c) an example of a thiol-epoxy click reaction (reproduced/
adapted from ref. 452 with permission from John Wiley and Sons, Copyright 2019%°2); (d) the formation of a cross-linked SPE by a fluorescent lamp
irradiation-induced thiol-ene click reaction from allyl ether and thiol monomers (the SPE film preparation by the ex situ process is also displayed); and
(e) the in situ processing of LMPBs by a thiol—ene click reaction-assisted direct deposition approach (reproduced/adapted from ref. 453 with permission
from Elsevier, Copyright 20174%%).
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reaction induced by irradiation with a fluorescent lamp for the
in situ processing of the LMPB (LFP|A-BPTP80|Li) cell (Fig. 26e).
The disadvantage of the fluorescent lamp is that the intensity of
photons in the UV range will be significantly less so that the
polymerization rate will be low, which demands irradiation for a
long duration (16 h) for SPE formation. However, the final
in situ processed LMPB cell displayed a discharge capacity of
150 mA h g~ (0.1C) with a capacity retention of 88% after 50 cycles.

5.3 In situ processing of the PIS-interphase layers

5.3.1 Artificial protection for LIBs and LE-LMBs. There are
a few early reports in which the artificial protection of the
Li-metal surface of LE-LMBs has been achieved by PIS-SEI
production by free-radical polymerization methods. For
instance, Park et al. prepared a thin (10 pm) conformal layer
of a GPE as a PIS-SEI layer directly on the surface of a Li-metal
anode by using the UV-polymerization technique. A precursor
made of HDDA, 1 M LiClO, in organic carbonates as an LE, and
methyl benzoylformate (MBF, a photo-initiator) is employed for
the conformal PIS-SEI synthesis purpose.’*’ The cross-linked
GPE, as a self-standing film, exhibited an ionic conductivity of
0.58 mS cm ™' (RT). Electrochemical Impedance Spectroscopy
(EIS) characterization validated that the surface coating of the
Li-metal anode helped in stabilizing the cell impedance during
long-term storage. Additionally, the PIS-SEI formed on the
Li-metal anode using the in situ processed GPE layer is
smoother than the cell with a bare Li-counterpart. Successive
studies from the same group also explored the positive effects
of additives in the same precursor to improve the overall ion-
transport properties.**® For example, an anion-receptor, namely
oligoethylene glycol borate (OEGB), and a linear polymer PVdF
are introduced into the precursor to improve Ty;+ of the GPE
from 0.61 to 0.80.**° Indeed, the PIS-SEI with an improved T+
can maintain a uniform Li*-ion flux on the anode surface.
However, the surface protection of the Li-metal anode using
acrylate/methacrylate monomers has not been explored much in
LMPB fabrication, most probably due to the several subsequent
reports emphasizing the parasitic reactions between the Li-metal
anode and the monomers as explained in Section 5.1.

A phosphate-based tri-functional cross-linker TAEP is also
used to prepare a cross-linked surface protection layer over
NMC111 cathode particles.”®® The LE can plasticize the polymer
film so that it can act as a PIS-CEL In the LE-based LIB cell, such a
protection layer can save the active cathode materials from the
violent attacks of the LE. Here, the polymer-coated LIB cell retains
84% of the initial discharge capacity (180 mA h g~ at 1C) over
50 cycles. However, the unprotected NMC111-based LIB cell
retained only 74% of its initial specific capacity after the same
number of cycles. In several other studies by various research
groups, different polymers are used for the preparation of artificial
PIS-interphases. The possibility of adopting a polyacrylate-based
surface coating over a high-voltage LCO cathode was demonstrated
by Lee et al. [see Fig. 27a and b].**® In this report, the precursor
containing ethylene glycol diacrylate (EGDA) and HMPP is deposited
over the LCO cathode. On UV curing, the LCO surface is covered by
a thin layer of a cross-linked PEGDA network (20 nm). This polymer
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integrated electrode is then used for the fabrication of an LIB
coin cell. During the cell assembly, the LE (1 M LiPF¢ in
EC:DMC) activates the PEGDA surface coating so that it trans-
forms into a PIS-CEI. The cycling performance of the cell is
investigated (3-4.4 V), and the assembled LIB cell delivers a
first-cycle specific capacity of 150 mA h g (0.5C), which is
equal to that of a pristine LCO cathode-based cell. However, the
specific capacity retention after several cycles is found to be
higher for the LIB cell with a PIS-CEI coating compared to the
uncoated counterpart (Fig. 27c). Indeed, the EIS data of the cells
confirmed that the ultrathin artificial PIS-CEI remarkably
reduced the impedance of the cell during long-term galvano-
static cycling as compared to the PIS-CEI-free cell. It is worth
mentioning that the direct contact of LEs with pristine
LCO-based cathodes leads to the formation of a highly resistive
interphase layer,*®* which during long-term cycling hinders the
charge transfer between LCO and the LE, leading to inferior
cycling characteristics (low capacity retention, low Coulombic
efficiency, etc.). However, these intricacies are avoided by using
the PIS-CEI layer so that this work can be considered as an
excellent example of an artificially tailored PIS-CEI for LIBs.

5.3.2 Multi-layer approach for LPBs. Very recently, a novel
phase diagram approach for optimizing the composition of an
SPE for tuning the ionic conductivity was explored by Li et al.
(Fig. 28a).>*" This work is important as it demonstrated the multi-
layer approach for the processing of LMPBs (Section 4.2.3). Here,
the precursor is carefully optimized, and the crystalline phase is
eliminated so that a prominent isotropic phase is present in the
resulting PE.

The isotropic phase imparts an amorphous character to the
mixture, which is beneficial for increasing the ionic conductivity,
and one such mechanically stable self-standing SPE film is
displayed in Fig. 28b. The phase diagram approach is systematic
as it can fine-tune the properties of the PE, unlike the conven-
tional trial and error method. The precursor is made of a PEGDA
oligomer, glutaronitrile (GN), LiTFSI, lithium bis(oxalato)borate
(LiBOB), and a photo-initiator [bis(2,4,6-trimethylbenzoyl)-phenyl-
phosphineoxide]. Using this formulation and process, a cross-
linked PE is produced that exhibits a superior ionic conductivity
of 1.0 mS cm™ " (30 °C). Here, GN is a plastic crystal, which can
improve the ionic conductivity owing to its high polarity (dielectric
constant, ¢ = 37).*°> Indeed, such PEs are often called plastic crystal
PEs (PCPEs). Incorporation of plastic crystals into ex situ processed
PE films has been reported in several studies; however, the applica-
tion of these materials in the in situ process is scarce.**>™*® In this
work, although the authors have termed the PCPE as an SPE,
considering the plasticization induced by the GN plastic crystal with
a low melting point (—29 °C), a more apt term would be calling it a
plasticized or quasi-solid-state PE. The oxidative stability value of
this binary-salt incorporated PE (LiTFSI + LiBOB) is 4.5 V vs. Li|Li",
which is higher than a single-salt counterpart (only LiTFSI). For the
in situ fabrication of the LMPB cell, the precursor is infiltrated into
an LFP electrode film and UV-cured so that the PIS-CEI layer
is formed over the electrode surface. Later, an additional
layer of PE film is also placed over the in situ processed
electrode to ensure perfect separation between the electrodes

This journal is © The Royal Society of Chemistry 2021
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(a) Schematic illustration of the production of a PEGDA-based PIS-CEl coating over an LCO cathode from the EGDA oligomer by the UV-light

assisted in situ polymerization process; (b) schematic representation of the PIS-CEl layer over the LCO cathode reducing the heat generation and side-
reactions compared to the pristine-LCO cathode in the LE-based LIB cell; and (c) voltage vs. capacity plot showing the performance of pristine-LCO and
PIS-CEIl coated LIB cells (reproduced/adapted from ref. 386 with permission from Elsevier, Copyright 2013%%9).

(hence considered as a multi-layer approach). The conformal
coating of the PIS-CEI layer formed over the cathode for
enhancing the interfacial properties is presented in Fig. 28c.
When galvanostatically cycled, the assembled LMPB cell
(LFP|PCPE|Li) exhibited an initial capacity of 138 mA h g~*
(30 °C, 0.2C) close to that of an LE-based cell with a specific
capacity retention of 86% (370 cycles) and a Coulombic
efficiency of 99.99% (Fig. 28d). The same phase diagram
approach is extended to the formation of other PCPEs by
replacing GN with another plastic crystal succinonitrile (SN),
however, the in situ LPB processing is not demonstrated.*®”¢®

In another example, multi-layer processing of a silicon-
graphene composite anode (Si-FLG)-based LPB was reported
by Falco et al.>®* Herein, the in situ processing of a thin layer of
IGPE over Si-FLG is achieved by a hot-pressing step followed by
UV-curing. The precursor made of an RTIL (Pyr,,TFSI), LiTFSI,
PEO, and benzophenone is deposited over the silicon electrode

This journal is © The Royal Society of Chemistry 2021

and subjected to hot-pressing (70 °C) between two polypropylene
sheets. On UV-curing, the cross-linking of PEO chains will occur,
resulting in an IGPE layer with a thickness of ~60 um, and this
layer can be considered a PIS-SEI The thin layer of IGPE is soft
and can improve the interfacial contact between the PE and the
electrode particles and the electrolyte materials can impregnate
into the pores of the electrode. The cross-linking of PEO occurs
through a hydrogen-abstraction mechanism, as already discussed
in the previous sections (Fig. 10b and 25a). Once the soft IGPE-
based PIS layer (soft-PIS) is achieved, a hard IGPE film is prepared
by a similar hot-pressing and UV-curing method and placed over
the soft-PIS coated Si-FLG. An additional UV-curing step ensures
the contact between the soft and hard IGPE layers as well. Such a
combination of the in situ processed soft-PIS and the ex situ
processed hard IGPE film is termed as a bilayer PE (BLPE). The
scheme and digital photographs illustrating the BLPE over the
Si-FLG anode are presented in Fig. 29a. The BLPE exhibits ionic

Energy Environ. Sci., 2021, 14, 2708-2788 | 2745
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Fig. 28 (a) Ternary phase diagram representing the ionic conductivity

(measured at 20 °C) of the SPE (or PCPE) as a function of the contents of
individual components in the precursor solution at 20 °C. The shadow area
in the phase diagram represents the composition at which the prominent
isotropic phase can be achieved in the SPE. (b) Illustration of the dimensional
and mechanical stability of the optimized SPE film under bending and
twisting conditions. (c) Cross-sectional SEM image of the multi-layer elec-
trode—electrolyte assembly showing the individual layers of the cathode
(composite cathode), in situ processed PIS (electrode—cathode interface),
and SPE film (free-standing SPE film). (d) Cycling stability plot of the
assembled LFP|SPE|Li cell at 30 °C and 0.2C (reproduced/adapted from
ref. 361 with permission from Elsevier, Copyright 201835%).

conductivity values of 0.1 and 1.3 mS cm™' (at 30 and 60 °C,
respectively). The BLPE-based multi-layer processed Si-FLG|BLPE|Li
cell (Fig. 29b) performs better compared to a conventional test-cell
without the BLPE (Si-FLG|RTIL|Li, Fig. 29¢). Compared to the
RTIL-LiTFSI-based LE, the impregnated layer aids in holding the
particles together and improves the specific capacity by increased
active material utilization and a concomitant reduction in the
capacity-loss after several cycles.

In summary, Section 5 provides an overview of the various
types of in situ processing approaches used for the fabrication
of LIPB and LMPB cells by employing free-radical polymerization
techniques. Thermal curing and UV curing are the most used
polymerization methods for the in situ process. The critical
parameters that determine the properties of the in situ processed
LPBs are the type of monomers, the number of functionalities,
the type of spacer molecules in the oligomers, and the molecular
weight of monomers/oligomers. All these characteristics will
decide whether a PE that is formed is a tightly cross-linked or
loosely cross-linked one. It is vital to find a balance between these
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two characteristics of the PE because properties such as ionic
conductivity, volume changes of nano-sized active materials
(V20s, Si, etc.), and HSAL growth mainly depend on it. Acrylates
and methacrylates are used for the free-radical polymerization
process even though they show reactivity towards the Li metal
anode due to the presence of ester groups. However, there are
other functionalities such as epoxides and ester-free vinyl- and
allyl-molecules that are suitable against the Li-metal anode,
which must be further explored. Additionally, cross-linked PEs
find application in S||Li cells owing to their capability to
minimize polysulfide shuttling, which is one of the most notorious
problems of such advanced battery systems. Apart from conven-
tional free-radical polymerization reactions following Norrish type-I
or a similar type of thermal polymerization mechanism, hydrogen
abstraction by Norrish type-II initiators and click-chemistry (thiol-
ene, thiol-epoxide, efc.) have also been increasingly employed
recently for the in situ process. The in situ processing approach is
highly advantageous from a futuristic and practical perspective as
tailor-made components such as artificial PIS-SEIs or PIS-CEIs can
be judiciously engineered. Such tailor-made interphases can also
be important in futuristic and industry-friendly methods like the
multi-layer processing of LPBs, where individual PE and artificial
interphase layers can be designed according to the end application.
Indeed, the free-radical polymerization reaction, which is well
established and the in situ widely used in the coating industry,
is highly suitable to realize the multi-layer processing of LPBs.
In Tables 2-5, the key performance indicators of the important
reports discussed in Sections 5.1-5.3 are all compiled and presented.

6. In situ polymerization by
miscellaneous methods

In the thermal- and photo-assisted in situ polymerization process,
an external free-radical initiator is inevitable to trigger the poly-
merization reaction unless hazardous high energy radiation such
as y-rays is used. Although present in tiny quantities, the residues
of un-reacted free-radical initiators may incite undesirable effects
on the cycling performance of the cell. Thus, there are attempts
to carry out the in situ processing of PEs and related battery cells
in the absence of additional substances such as initiators. Ionic
polymerization methods such as cationic and anionic polymer-
ization are the frontrunners in this respect.*”™*”* Besides, in situ
electropolymerization and condensation polymerization methods
are also suitably employed to achieve similar results. One of the
key advantages of these polymerization methods is that a variety
of monomers such as epoxides, acrylates, methacrylates, allyl and
vinyl ethers, azides, alcohols, carboxylates, and aldehydes can be
used. Additionally, in many cases, these methods are also less
sensitive to atmospheric conditions than free-radical polymerization.
Besides, they are equally useful for producing artificial PIS-
interphase-based surface protection as well. Recently, all these
polymerization methods have gained a lot of attention and can
be considered as potential competitors to the free-radical poly-
merization methods. In the following sections, the type of in situ
process adopted (separator assisted, direct deposition, and surface

This journal is © The Royal Society of Chemistry 2021
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(a) Digital images of the Si—FLG electode integrated with BLPE. A schematic illustration of the soft-PIS layer and the subsequent hard IGPE layer

over the Si—FLG electrode is also shown. Electrochemical cycling performance of the (b) Si—FLG|BLPE|Li and (c) Si—-FLG|RTIL|Li cell at 80 °C (reproduced/
adapted from ref. 362 with permission from Elsevier, Copyright 2020.3%2 Distributed under a Creative Commons Attribution-NonCommercial-
NoDerivatives License International 4.0 (CC BY-NC-ND 4.0) (https://creativecommons.org/licenses/by-nc-nd/4.0/)).

protection approaches) is classified and highlighted wherever
applicable.

6.1 Anionic polymerization

Anionic polymerization is one of the types of addition (chain-
growth) polymerization in which the growing chain head that
carries a negative charge is balanced by a counter cation.*’
Anionic polymerization is initiated by nucleophilic reagents
(metal alkoxides, organolithium compounds, Grignard reagents,
etc.).’® A list of commonly used initiators for the anionic poly-
merization reaction is summarized in Fig. 30a.%° Generally, the
monomers employed in anionic addition polymerization are
vinyl monomers with electron-withdrawing groups (e.g., MMA,
acrylonitrile, 2-vinylpyridine, etc.) and conjugated monomers
(styrene and 1,3-butadiene).*® The types of monomers that can
undergo the anionic polymerization reaction are also listed in
Fig. 30b.*®° Anionic polymerization is often also called living
polymerization as the propagation reaction continues without
termination under suitable conditions.*”” Living polymerization
facilitates the controlled construction of various polymer structures
so that various types of well-defined copolymers such as block
copolymers can be made by the sequential addition of different
types of monomers. Anionic addition (co)polymerization is
employed to produce industrially relevant polymers such as
synthetic rubbers (styrene-butadiene rubbers, SBR), thermoplastic
elastomers, and ABA triblock copolymers (e.g., polystyrene-b-
polybutadiene-b-polystyrene, SBS). Additionally, the same techni-
que can also be used for ring-opening polymerization (ROP) or
popularly called anionic ROP (AROP) of cyclic monomers having
high electrophilicity.*”® Heterocyclic compounds such as epoxides,
episulfides and other cyclic compounds having carbonyl groups
(lactones, cyclic carbonates, lactams, etc.) undergo a nucleophilic

This journal is © The Royal Society of Chemistry 2021

attack by the initiators to undergo AROP. For example, the general
mechanism of AROP of epoxides initiated by alkali metal alkoxides
is presented in Fig. 31.*7* The reagents used and the initiating and
propagating chains formed during the anionic polymerization
reaction bear high basicity and nucleophilicity; thus, stringent
experimental conditions are required. Hence, the presence of
water and oxygen should be generally avoided, and an inert
atmosphere (N,, Ar, or a high vacuum) must be used to ensure
high reproducibility depending on the type of initiators and
monomers used. The types of monomers and their electrophilicity,
initiators and their nucleophilicity or basicity, and reaction condi-
tions (low temperature is preferred due to the high reactivity and
stability issues of the initiators and propagating chains) influence
the polymerization process. Besides, the stability, polarity, and
melting point of the solvents are also crucial. The most commonly
employed solvents for anionic polymerization include THF, diethyl
ether, benzene, toluene, etc,*””*7480

The in situ processing of LBs has been carried out through
the anionic polymerization strategy; however, research work in
this direction is scarce. Hence, there is room for exploring the
suitability of this technique for the in situ processing of PEs and
PIS-interphase layers and related device fabrication. For example,
cyanoacrylate monomers are one of the most studied for this
purpose,*®*~*% which provide several advantages such as the Lewis
acid-base interaction of nitrile and acrylate groups with Li'-ions
leading to complete salt dissociation as well as increased ion
transport.**® In cyanoacrylates, the strong electron-withdrawing
nitrile moiety is covalently linked to the unsaturated o-carbon
atom of the acrylate group.*®” Therefore, the B-carbon becomes
highly electrophilic, resulting in high-reactivity for cyanoacrylate
monomers. Unlike the free-radical polymerization pathway in the
presence of an external initiator and energy source, anionic

Energy Environ. Sci., 2021, 14, 2708-2788 | 2747
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Table 3 Summary of the in situ processing of LPBs using multi-functional acrylate/methacrylate monomers/oligomers by the free-radical polymeriza-
tion method

Electrolyte/ Operating
Acrylate/ additive/ Type of Ionic voltage Capacity
methacrylate plasticizer Initiator polymerization conductivity Cell range Capacity retention Ref.
TMPTMA* 1 M LiPF6 in LPO Thermal >1mScm ! LCO|GPE]| 3-4.2V 129 mA h gfl, ~100%, 100 cycles, 412
EC:EMC:DMC at 25 °C graphite (0.2C, 25 °C) 2C
TMPTA* LiTFSI in PC, AIBN Thermal ~0.3 mS cm™* LFP|GPE|Li 2.5-4.2V =150 mAh g71 ~100%, 411
PEGDME at 25 °C (1C, RT)
100 cycles, 2C
ETPTA, 1 M LiTFSI in HMPP UV 1.1 mScem™! LFP|IGPE|Li 2-4.2V ~100-120 mA h g71 100%, 50 cycles, 269
HDDA"” Pyr,3-TFSI at RT (0.2C, RT) 0.2C
PETEA* 1M LiPFg in AIBN  Thermal 8.5mScem™! NCA|GPE| 2.75-4.5V 1.88 A h (5C, 25 °C) 92.5%, 417
EC:DEC:EMC at 25 °C graphite 200 cycles, 5C
PETEA* 1 M LiTFSI in AIBN Thermal 11 mS cem™* S|GPE|Li 1.7-2.8V 601 mAh g71 82%, 400 cycles, 418
1,2-DOL:DME, at 25 °C (1€, 25 °C) 0.5C
LiNO,
PETEA* 1 M LiTFSI in AIBN Thermal 1mSem™* S|GPE|Li 1.7-2.8V 486 mAhg ' at 83%, 500 cycles, 419
1,2-DOL:DME, at 25 °C 5C and 25 °C 0.3C
LiNO,

* Separator assisted. # Direct deposition.

Table 4 Summary of the in situ processing of LPBs using hetero-functional acrylate/methacrylate monomers/oligomers by the free-radical
polymerization method

Ion transport Operating
Acrylate/ Electrolyte/ Type of properties voltage Capacity
methacrylate  salt/additive  Initiator polymerization (o, Ty etc.) Cell range Capacity retention Ref.
Siloxane 1 M LiClO4 in TBPP Thermal 1.3 mS em™ ' at RT LCO|GPE|MCMB 2.8-4.2V 137 mAh g ' 84%, 100 cycles, 437
acrylate* EC:DMC (1:1) (0.5C, RT) 0.5C
TAEP* 1 M LiClO, in TBPP Thermal 0.2-0.5 mS cm™* LCO|GPE|MCMB 2.8-4.2V 122 mAh g71 95%, 250 cycles, 438
EC:DMC (1:1) at RT (0.5C, RT) 0.5C
FTGA* 1 M LiCIO, in TBPP  Thermal 0.56 mS cm LCO|GPE|MCMB 2.8-4.2V 142 mA h g~' 89%, 200 cycles, 439
EC:DMC (1:1) at RT (0.5C, RT) 0.5C
Boron 1 M LiTFSI in AIBN  Thermal 0.084 mS cm™ ' at LFP|GPE|Li 2.5-4V 118 mA h g~' 90%, 400 cycles, 366
containing EC:DMC (1:1) 30 °C with a Ty;+ (0.5C, 30 °C) 0.5C
methacrylates* of 0.76

* Separator assisted.

Table 5 Summary of the in situ processing of LPBs using acrylate/methacrylate-free monomers/oligomers by the free-radical polymerization method

Acrylate- or Operating
methacrylate-  Electrolyte/ Type of Ionic voltage Capacity
free molecule salt Initiator polymerization conductivity Cell range Capacity retention Ref.
PAEC” LiTFSI DMPA UV 0.0004 mS cm™' V,O4|SPE|Li 2-4V — — 445
at 25 °C
Allyl PEO, allyl LiTFSI BPO uv 0.4 mS cm™! LFP|SPE|Li 2.5-42V 150 mAhg™' 88%, 50 cycles, 0.1C 453
gallic acid, at 60 °C (0.1C, 60 °C)
BPT (thiol)”
Tetraglyme, LiTFSI MBP uv >0.1mS cm ' TiO,|SPE|Li 1-3V 140 mAh g ' Stable >100 cycles, 375
PEO” at 25 °C (0.1 mA cm ™2, 0.1 mA cm 2
20 °Q)
vC* LiDFOB AIBN Thermal 0.022 mS cm ™" LCO|SPE|Li 2.5-43V 146 mAh g71 84%, 150 cycles, 0.1C 443
at 25 °C (0.1C, 50 °C)
ver 1M LiDFOB AIBN  Thermal 0.56 mScm ™'  LFMP|GPE| 2.5-4.35V 120mAhg ! 89%, 1000 cycles, 1C 444
in EC:DEC at 25 °C graphite (1¢C, 25 °C)

* Separator assisted. # Direct deposition.

polymerization is energy efficient and can be carried out even at  for LMPB fabrication and also for Li-metal surface protection by

481 Transfer of electrons from the Li-metal to the

ambient temperature. Moreover, a lower polymerization activation  the in situ process.
energy and long-living active center are added advantages. unsaturated double bond results in the generation of anionic
The anionic polymerization of the ethyl cyanoacrylate (ECA) active species to initiate the polymerization reaction. For instance,

monomer initiated by Li-metal (see Fig. 32a) is a novel approach a precursor composed of 1 mL ECA, 3 mL of 4 M LiClO, in

This journal is © The Royal Society of Chemistry 2021 Energy Environ. Sci., 2021,14, 2708-2788 | 2749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee03527k

Open Access Article. Published on 11 February 2021. Downloaded on 6/13/2026 3:03:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a) List of anionic inititators
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pottassium benzopheneone ketyl  alkali metal naphthalenides

(radical anion) (radical anion)
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Pyridine Phosphine  Ether Alcohol ‘Water Trialkylamine
b) Monomers capable of undergoing anionic polymerization
Styrene alpha-methyl styrene  1,3-butadiene isoprene
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2-vinyl pyridine 4-vinyl pyridine alkyl(meth)acrylate N,N- dlalkylacrylaxmde
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vinyl alkyl ketone ~ Meth(acrylo)nitrile ~ Ethylene oxide  Propylene sulfide

o 0. o} n 0
N,
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alpha-cyanoacrylate vinylidene cyanide  e-caprolactone  e-caprolactam

Fig. 30 (a) List of commonly used species that can initiate the anionic
polymerization reaction; and (b) list of monomers capable of undergoing
the anionic polymerization reaction.#®

Initiation
o0
oM

Na, K, Ca, etc.

{ N — \o
M=
R=H, alkyl, polymer, etc.
Propagation
o}
n f } R
R R

R
\O

Termination R

+ R'M
=HO-, RCOO, RO, RN-
Fig. 31 Steps involved in the AROP reaction mechanism of epoxides

initiated by alkali-metal alkoxides (reproduced/adapted from ref. 474 with
permission from Elsevier, Copyright 2013474).

EC:DMC, and 100 ppm of Li-powder (acts as the initiator) was
employed by Cui et al for the preparation of a GPE. Most
importantly, the GPE could be formed in 2 h in the absence of
external catalysts, initiators, or energy sources such as light or
heat, unlike the conventional free-radical polymerization methods.
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Fig. 32 (a) The anionic polymerization mechanism involved in the con-
version of ECA to PECA is initiated by Li-metal. In the first step, the transfer
of an electron from Li-metal to the unsaturated double bond in ECA
occurs, resulting in the generation of an active anionic species. This
anionic species further propagates the polymerization of ECA. (b) and (c)
present the specific capacity values at different C-rates and the cycling
stability profile of the LFP|PECA-GPE|Li cell, respectively, at RT. (d) and (e)
present the galvanostatic charge—discharge and cycling stability profiles of
the LNMOIPECA-GPE|Li cells, respectively, at RT (reproduced/adapted
from ref. 481 with permission from American Chemical Society, Copyright
2017481,

It is worth noting that a nonfluorinated salt, such as LiClO,, is
used as the Li‘-ion source since the HF and PF; impurities from
LiPF¢ can terminate the active anionic center. The GPE film, when
prepared alone, could display an ionic conductivity of 2.7 mS cm ™"
(RT), with a Ty;+ of 0.48, and an oxidative stability value of 4.8 V vs.
Li|Li". Finally, an LMPB is in situ processed by the direct
deposition approach over the composite cathode film. The low
viscosity ECA can easily penetrate the deeper regions of the
cathode composite, which is otherwise not possible with the
ex situ processed GPE film. The in situ processed LFP|PECA-
GPE|Li cell delivers a discharge capacity of 140 mA h g~ (1C)
with a retention of 90% (100 cycles) [Fig. 32b and c]. Additionally, a
high voltage LNMO|PECA-GPE|Li cell is also assembled, which
exhibits a discharge capacity of 122 mA h g~ * (1C) with a retention
of 93% (100 cycles) [Fig. 32d and e]. In another report, the ECA
monomer is explored to protect the surface of a high-voltage LNMO
cathode by the formation of a PIS-CEL>* 1t is shown that the i situ
polymerized conformal coating (10 nm) of the PECA-based PIS-CEI
could reduce the dissolution of the multivalent cations owing to the
strong interactions with the N and O atoms of the cyano-ester
moieties present in the PECA (Fig. 33a). This is reflected in the
high cycling stability of PECA-coated LNMO (92% retention after
100 cycles) as compared to that of the non-coated counterpart
(72% retention after 100 cycles) [Fig. 33b and c].

Similarly, the in situ processed PECA-based artificial PIS-SEI layer
on the Li-metal surface is found to inhibit the inhomogeneous

This journal is © The Royal Society of Chemistry 2021
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Fig. 33 (a) The influence of a conformal coating of a PECA-based PIS-CEl
layer over the LNMO cathode preventing the multivalent ion leaching
into the electrolyte; and (b) galvanostatic charge—discharge profile, and
(c) cycling stability profiles of the pristine and artificial PIS-CEl coated
LNMO cathode-based LB cell (LNMOILE|Li) (reproduced/adapted from
ref. 346 with permission from Elsevier, Copyright 201746).

deposition/dissolution of Li-metal.**® This tailor-made surface

protection can also be employed for improving the electro-
chemical behavior of the Li-metal anode even in a conventional
LE-based LMB (LE-LMB). In a typical procedure, the precursor
is prepared in acetone with ECA (ECA/acetone = 1:5) and LiNO3
salt (0.1 M relative to acetone). This solution is applied over
Li-metal, where the anionic polymerization at RT is initiated by
LiOH present on the Li-metal surface (Fig. 34a). Hence, such
anionic polymerization reactions can also be considered as a
scavenging process in which the polymerization process removes
the unwanted LiOH from the surface of the lithium metal.
LE-LMB (LFP|LE|Li) cells are fabricated, where the LE has a
composition of 1 M LiPF, in EC:DMC. The LE-LMB cell delivers
a specific capacity of 150 mA h g~* (2C) with 100% capacity
retention (500 cycles). The isolation effect by the PECA layer
ensures a low polarizing voltage, a lower consumption of
Li-metal through minimized side reactions, and a homogenous
distribution of Li*-ion flux that suppresses the corrosion/pitting
of the anode. The cycling performance of the PECA-based cell is
superior to the PECA-free counterpart. Moreover, the high
mechanical stability of PECA (Young’s modulus of 25 GPa) is
an added advantage, which can accommodate even the volume
changes in the electrode. The effect of the PECA coating for
facilitating the suppression of dendrite growth is illustrated in
Fig. 34b, and the superiority of such a layer over the Li-metal
surface of an LFP|LE|Li cell is also evident in the electrochemical
cycling profiles presented in Fig. 34c.

There are also attempts to make LMPBs smarter using the
in situ anionic polymerization method. For instance, thermal

This journal is © The Royal Society of Chemistry 2021
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Fig. 34 (a) Schematic representation of the pre-treatment of Li-metal by

the ECA monomer to form an artificial PIS-SEI layer-based surface coating.
The polymerization mechanism of ECA over the Li-metal surface, which is
assisted by hydroxyl groups over Li-metal, is also depicted. (b) The bare
Li-metal undergoes side reactions with the electrolyte, and dendrite
growth starts within a few cycles. In the case of the LINOsz coated
Li-metal surface in the absence of a PECA coating, a non-polymeric SEI
is formed, which is stable and prevents HSAL growth in the earlier cycles.
However, the non-polymeric SEI breaks during prolonged cycling. Later,
the in situ processed PECA-LINOs (PIS-SEI) layer over the Li-metal surface
effectively prevents HSAL growth even after a high number of charge—
discharge cycles, imparting high cycling stability. (c) Cycling profiles
depicting the advantage of the PECA coating imparting high stability over
the PECA non-coated counterparts (reproduced/adapted from ref. 488
with permission from American Chemical Society, Copyright 2017488).

runaway is one of the failure mechanisms of LBs, where the
temperature inside the cell is increased because of exothermic
reactions. The heat generated inside the cell due to the thermal
runaway reaction often leads to destructive developments
such as explosion or fire. There can be several reasons for the
thermal runaway reaction, which include short-circuit, over-
charging, HSAL growth, damaged cell components, or even a
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failure in the battery management system (BMS). In an LB
stack, the thermal runaway can be catastrophic as the failure of
even a single cell can propel a cascade of reactions, and the
resulting exponential increase in temperature causes a complete
loss of the battery system. The initiator-free polymerization
approach of VC to poly-VC in the presence of Lil is used as
a tool for triggering the thermal shutdown of the LMPB cell
by sensing any potential failure due to thermal runaway
(Fig. 35a).*® This work can be considered as an example of
the in situ process for injecting smartness into the battery,
where the separator assisted approach is employed. Here, Lil
plays multiple roles as a catalyst for the ring-opening polymer-
ization of VC and a Li*-ion source in the resulting GPE. Thermal
curing at 80 °C for 1 h is required for the VC to poly-VC
conversion. Indeed, the authors claim that the polymerization
of VC occurs through the formation of lithium iodoalkoxide,
which is a byproduct formed during the decarboxylation of VC
by iodide (I") ions during the initiation step. The mechanism
of the polymerization reaction, as claimed by the authors, is
provided in Fig. 35b. Although the GPE displayed an ionic
conductivity of 1.8 mS em™" (25 °C), the oxidative stability is
limited by the presence of iodide ions in the electrolyte (3.5 V vs.
Li|Li"). Therefore, Lil induced anionic polymerization is not
suitable for high-voltage applications; nevertheless, the functioning
of an LTO|GPE|Li cell (LMPB cell) cycling (RT) between 1 and 2 V is
demonstrated, which retains 50% of the initial specific capacity
(75 mA h g ") after 700 cycles. It should be noted that the
conversion of VC to poly-VC is not complete in the GPE so
that further polymerization would still be possible during the
operation of the cell. Consequently, when the operating
temperature of the battery cell is increased to 80 °C, a drastic
increase in the electrolyte resistance by a factor of 10’ is
observed, indicating complete polymerization, which converts
the GPE to a highly resistive SPE (Fig. 35e). Hence, the cell
undergoes a self-shutdown mode due to the extremely high
internal resistance incited by the SPE in line with the concept of
imparting smartness to batteries. The self-shut down is evident
from the charge-discharge profile presented in Fig. 35¢, where
the increase in temperature from 25 to 80 °C leads to cell failure,
and corresponding cycling data is provided in Fig. 35d. This
work opens up new opportunities with the in situ polymerization
processing strategies to realize safer batteries with inbuilt
sensing and safety mechanisms.

6.2 Cationic polymerization

Cationic polymerization is also an addition (chain-growth)
polymerization, in which the growing chain head is carrying a
positive charge balanced by a counter anion.**® Cationic addition
polymerization (CAP) is usually applied for vinyl monomers with
electron-donating groups in the presence of an electrophilic
agent acting as the initiator (e.g., Brensted acids: HClO, and
CF;SO;H, Lewis acids: BF; and SnCl,, and carbenium ions: trityl
and tropylium)."' Lewis acids alone or along with another
protonogen (water or alcohol) or a cationogen (alkyl halides)
can also be used for the in situ formation of strong protonic
acids (high pK, value) and subsequent initiation of cationic
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polymerization. In this case, the cation donor and the Lewis acid
species are called the initiator and co-initiator, respectively.**>
For instance, a Lewis acid such as BF; with water forms an ideal
initiating system such as H'(BF;0H) ™. A few of the typical vinyl
monomers that are used for cationic polymerization are listed in
Fig. 36a.*° Cationic polymerization is often used to produce
industrially important polymers such as polyisobutylene (PIB),
butyl rubber, and poly(vinyl ethers) (PVEs).*"*%

The cationic polymerization mechanism of a vinyl monomer
initiated by a typical protic acid is presented in Fig. 36b (A in
the chemical structure represents an H atom).**® The reaction
starts with an electrophilic addition of a proton onto the
electron-rich alkene to produce a carbocation (sp>-hybridized)
with a counter anion balancing the charge. The initiating
species undergoes further continuous addition of monomers
(propagation reaction) to form a long polymeric chain. The
propagating reaction follows a chain-growth mechanism. The
stability of the carbocation is very important in cationic poly-
merization, which depends upon the type of initiator used or
the anion formed during the initiation process. Besides, the
choice of solvent is also very critical in CAP due to the tendency
of the system to undergo side reactions such as termination
and chain transfer. The polymerization reaction is favored in
polar solvents; hence, aliphatic, aromatic, and halogenated
hydrocarbons are widely employed as suitable solvents. However,
alcohols, water, and other basic solvents (e.g, esters, ethers, etc.)
should be avoided as they promote unwanted side reactions. Due
to the higher sensitivity of cationic polymerization reactions,
stringent reaction conditions should be employed.

ROP can also be carried out using a cationic polymerization
pathway, and such processes are called cationic ring-opening
polymerization or simply CROP. The few heterocyclic monomers
that can be polymerized through the CROP process are listed in
Fig. 37a.%**%® As an example, the CROP mechanism of an oxetane
monomer in the presence of a protic acid is also illustrated in
Fig. 37b.%” The solvent, reaction conditions, and initiators used
for CROP are similar to the CAP reaction. It is worth noting that
CROP generally occurs through an SN1 or SN2 mechanism,**” and
in many cases (for THF and oxetane) CROP also achieves a living
character (no termination). Hence, it can also be used for
producing structurally well-defined polymers.**® The following
section covers the in situ processing of LPB cells using cationic
polymerization.

Hwang et al. reported the separator assisted approach for
LMPB (LCO|GPE|Li) fabrication using a GPE derived from a
divinyl ether oligomer by CAP.**° The homogenous precursor
solution is composed of a bi-functional oligomer [tri(ethylene
glycol) divinyl ether, TEGDVE], LE (1 M LiBETI in EC:DEC), and
additional LiBF, salt. The polymerization is carried out at RT,
where LiBF, plays multiple roles as a cationic initiator and a
conducting Li-salt. Compared to other reports using acidic
initiators such as protic acids, Lewis acids, or a mixture of both,
in this work, the generation of H'BF,~ from LiBF, initiates the
polymerization reaction. The general mechanism of the polymer-
ization of a (di)vinyl ether oligomer is presented in Fig. 38a. Any
harmful effects due to the addition of external acidic initiators or

This journal is © The Royal Society of Chemistry 2021
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Fig. 35 (a) Schematic representation of an LMPB cell with a poly-VC-based GPE featuring a thermal shut-down mechanism at elevated temperatures.
When the operating temperature is raised to 80 °C, the complete polymerization of VC occurs, leading to the formation of an SPE, which is highly
resistive. This triggers the cell shutdown. (b) The mechanism of VC to poly-VC conversion initiated by the attack of I~ at the double bond of VC generating
lithium iodoalkoxide, which further propagates the polymerization and branching. (c) and (d) present the galvanostatic charge—discharge profile and
cycling stability, respectively, as a function of the increase in temperature. The cell failure at the 22nd cycle as the temperature is increased to 80 °C is
evident. (e) The change in the Nyquist plot representing the increase in resistance when raising the temperature of the cell to 80 °C compared to that of a
pre-cycled cell and after 21 cycles at 25 °C (reproduced/adapted from ref. 489 with permission from The Royal Society of Chemistry“®®).
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external initiator-free polymerization. The prepared GPE possesses
an ionic conductivity of ~1 mS ecm ™ (at 30 °C) with high oxidative
stability (5 V vs. Li|Li'). The assembled LMPB cell displayed a
discharge capacity of 150 mA h g * (15 mA g™ %).

Kang et al reported a separator assisted approach for
preparing a cross-linked GPE and fabrication of an LIPB cell
using a precursor containing a cyanoethyl polyvinyl alcohol
(PVA-CN)-based functional monomer. According to the authors,
even in this case, a Lewis acid-based initiator (PFs) is in situ
generated during the thermal decomposition of LiPFs salt
present in the precursor.’®® The formed PF; reacts with a trace
amount of water present in the precursor (2 wt% PVA-CN
dissolved in 1 M LiPF, in EC:DMC:EMC), generating the protic
acid H'(PFsOH) ™, which in turn initiates the cationic gelation
process. However, the decomposition of LiPFg salt is a concern
in LIBs. The side products formed such as PFs and POF; are
hazardous, and some of these reactions in the presence of
water create HF, which is unfavorable for achieving long-term
cyclability. Additionally, the presence of HF can further catalyze
many side reactions, including the degradation of high voltage
cathodes such as NMC. Hence, a suitable salt system must be
selected for initiating the polymerization reaction. A plausible
polymerization mechanism for PVA-CN polymerization is provided
in Fig. 38b. Herein, LIPB pouch cells (LCO|GPE|graphite) with a
total capacity of 2100 mA h are assembled by two different
techniques using separator assisted in situ processing using
cationic polymerization of PVA-CN: (technology 1) gelation
before the battery formation cycle, and (technology 2) gelation
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Fig. 37

the oxetane molecule. Epoxide and tetrahydrofuran molecules can also undergo CROP reactions in a similar fashion.
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(a) A few examples of the cyclic monomers that can undergo the CROP reaction; and (b) general mechanism involved in the CROP reaction of
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Copyright 2010%°°); and (b) polymerization mechanism of PVA-CN initiated by H*(PFsOH)~ (reproduced/adapted from ref. 500 with permission from The

Royal Society of Chemistry>°°).

after the battery formation cycle (see Fig. 39a).°°° The LIPB cell
prepared using technology 1 exhibited a low total discharge
capacity of 1939 mA h (0.2C) [Fig. 39b and c] due to the poorly
performing highly resistive interphase layer at the GPE|graphite
interface. Besides, near to the surface of the electrode, trapped
bubbles are also observed, which results in bad interfacial contact.
In the LIPB cell fabricated using technology 2, a bubble-free
electrode|electrolyte interface with a higher capacity of 2086 mA h
is obtained, close to that of an LE-based LIB. In another report from
the same group, plastic crystals (succinonitrile, SN) are also incorpo-
rated into the precursor along with PVA-CN and LiPF, (Fig. 40a).°""
SN is a commonly used plastic crystal in the preparation of PEs,
which improves the ionic conductivity owing to its high
polarity.>*>** Herein, the GPE (PCPE) (namely, SEN) exhibits a high
ionic conductivity of 2.32 mS em™* (25 °C) along with an overall
broad oxidative stability value (5 V vs. Li|Li"). Interestingly, the SEN
also showed a T;;+ of 0.57 and activation energy of 0.04eV, which are
good values for any GPEs. Finally, the in situ processed LMPB cell
(LFP|SEN|LI) displayed an initial discharge capacity of 154.8 mA h
g ' (0.1C) with a good capacity retention of 96.7% (100 cycles).

This journal is © The Royal Society of Chemistry 2021

In a recent report, synthesis of a cross-linked poly(ethylene
glycol) diglycidyl ether (PEGDE)-based SPE by the CROP path-
way is used for LMPB cell fabrication.>** The epoxy ring in the
PEGDGE is opened by the in situ generated cationic initiator
species [H'(BF;0H) ]. According to the authors, disproportionation of
LiDFOB salt at 80 °C produces the Lewis acid BF3, which reacts with
trace amounts of water to form the protic acid, H(BF;0H) . A
monomer to polymer conversion of 90% is achieved, and the
reported polymerization mechanism is presented in Fig. 40b.
According to the report, other salts such as LiClO,, LiBF,, and
LiPF, can also undergo a similar kind of initiation process. The
cellulose reinforced SPE (C-PEGDE) exhibits an ionic conductivity
of 0.089 mS cm ™' at ambient temperature with an oxidative
stability value of 4.5 V vs. Li|Li". The LMPB cell (LFP|C-PEGDE|Li)
is prepared by a separator assisted approach in which a homo-
genous precursor (1.25 wt% LiDFOB and 20 wt% LiTFSI in
PEGDGE) is injected into the cellulose paper inside the test cell
and cured at 80 °C (4 h). The reversible capacities of the LMPB
cell at RT are about 115 mA h g~* (0.1C), and, after 100 cycles,
74% of the initial specific capacity is also retained. In a recent

Energy Environ. Sci., 2021,14, 2708-2788 | 2755
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before the formation cycle of the battery cell, whereas technology 2 is after the formation cycle. (b) and (c) present the improved electrochemical
performance of the LIPB cell using technique 2, which is comparable to the LE-based cell (reproduced/adapted from ref. 500 with permission from The

Royal Society of Chemistry®°0).

report, Nair et al. have proposed a different mechanism for the
CROP of the diglycidyl ether oligomer that can be used for the
in situ processing of SPE-based LPBs by a separator assisted or a
separator-free approach.>®® The reported mechanism is shown in
Fig. 40c, which demonstrates that the anions, in combination
with a trace amount of water molecules, can initiate the CROP
polymerization without decomposing into BF;OH and HF. This
mechanism can also explain the capability of other Li-salts such
as LiClO, and LiFSI in initiating the CROP of cyclic ethers. The
optimized SPE membrane with LiTFSI and LiBF, also showed
an ionic conductivity of 0.1 mS em~" (30 °C) and oxidative
stability above 4.8 V vs. Li|Li" due to the passivation behavior
of BF, anions during the oxidation process. Additionally,
they have also demonstrated the electrochemical cycling
performance of the cross-linked SPE in high-voltage NMC111
(LiNig 33Mng 33C00 330,) cathode-based LMPB cells, and the
resulting specific capacity of the cell at different current rates is
presented in Fig. 40d.

2756 | Energy Environ. Sci., 2021, 14, 2708-2788

A more ingenious method for realizing an artificial PIS-CEI
is introduced by combining both free-radical and cationic
polymerization processes for the fabrication of high-voltage LNMO
cathode-based LPB cells.>*” Here, two precursors (A and B) are
prepared in which solution A is composed of 30 wt% MMA and
10 wt% acrylic anhydride dissolved in 1 M LiPF, in EC:DEC. Solution
B contains 2-methyl-acrylic acid-2-oxirane-ethyl ester (MAEOE,
3.0 wt%) and an AIBN initiator (1 wt%) with the remaining
fraction being methyl ethylene carbonate (MEC). On mixing
solutions A and B, both CROP of MAEOE and heat-induced
free-radical polymerization (50 °C) of MMA, MAEOE, and acrylic
anhydride occur concurrently (Fig. 41a). The LiPF; in the electro-
Iyte reacts with trace amounts of water to form the cationic
initiator species H'(PFsOH) ", to initiate the CROP.>***”” The
cross-linked GPE (PAMM) is formed after 6 h, which displays
good ionic conductivity (0.67 mS ecm ™', RT) and high oxidative
stability (5 V vs. Li|Li"). Indeed, the in situ processing of LPB cells
is carried out by a separator assisted approach displayed an

This journal is © The Royal Society of Chemistry 2021
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(a) Scheme depicting the synthesis of SEN (PCPE) by cationic polymerization of PVA-CN followed by the in situ fabrication of the LMPB cell by

the separator assisted approach (reproduced/adapted from ref. 501 with permission from John Wiley and Sons, Copyright 2015°%Y). (b) Cationic
polymerization mechanism involved in the polymerization of diglycydyl ether (PEGDE). The cationic initiator species is H*(BFsOH)~ formed by the
reaction of BFz with trace water present in the reaction mixture (reproduced/adapted from ref. 504 with permission from John Wiley and Sons, Copyright
2017.%%* Distributed under a Creative Commons Attribution License International 4.0 (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)).
(c) New mechanism suggested by Nair et al. for the CROP of the diglycidyl ether oligomer leading to an SPE and fabrication of LMPB cells by the in situ
process. Here, it is proven that the anions in combination with water can initiate the polymerization without decomposing into BFsOH and HF.
(d) presents the electrochemical performance of the in situ processed (direct deposition) LMPB cell (NMC111|SPE|Li) at 60 °C (reproduced/adapted from
ref. 505 with permission from American Chemical Society, Copyright 2019°%%).

excellent cycling performance at RT and 55 °C due to the PAMM-
based polymeric interphase (indeed, a PIS-CEI) layer formed over
the LNMO cathode. The PIS-CEI created over the LNMO cathode
helps minimize Mn®>" ion dissolution, hence increasing the life-
span of the cell.’*®*°% A schematic representation of the role of
PAMM in preventing Mn>* dissolution compared to the PIS-CEI
formed from the linear PMMA is given in Fig. 41b. The inter-
action of multivalent ions such as Mn®>" and Ni** with the
anhydride group within the PAMM-based PIS-CEI layer is claimed
to be the reason for the stabilization of the cathode, resulting in
improved electrochemical performance. A GPE from a siloxane
epoxide cross-linker and poly(2-vinylpyridine-co-styrene) (PVS) is
also reported to be initiated by the in situ formed H'(PFsOH)~
species.’*® Here, it is reported that the GPE with 99 wt% LE
delivers an extremely high ionic conductivity value of 11 mS cm™*
(30 °C) with large oxidative stability (5.2 V vs. Li|Li"). However, the
extremely high LE content present in the GPE is a drawback for
high-temperature applications and for achieving thinner packaging.

This journal is © The Royal Society of Chemistry 2021

Finally, it has been demonstrated that the separator assisted and
in situ processed GPE-based LIPB cell (LCO|GPE|graphite) delivers a
discharge capacity of 133.2 mA h g~ " at 0.1C (30 °C).

The latest advancement in the cationic assisted in situ poly-
merization process is converting a traditional LE to a GPE/SPE.
Liu et al. recently conceived this approach for the fabrication of
GPE-based LMPBs. Here, an ether-based LE (1,3-dioxolane,
1,3-DOL) is in situ polymerized using a separator assisted
approach at ambient temperature in the presence of LiPF, salt
through a CROP pathway (1,2-dimethoxyethane, DME is used
as a solvent).”"" The mechanism can be explained as the ROP of
1,3-DOL assisted by the in situ generated H'(PFsOH)~ species
(Fig. 42a). Optical images of the liquid and GPEs are also shown
in Fig. 42b. The 1,3-DOL molecule undergoes fast protonation
to form oxonium ions followed by a ring-opening process,
which can further attack more 1,3-DOL to propagate the poly-
merization reaction, achieving long polymer chains. The mono-
mer to polymer conversion rate for 1,3-DOL is as high as 91%.
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Fig. 41 (a) Combining both free-radical and cationic pathways as a potential
strategy for the in situ processing of LB cells; and (b) the proposed mechanism
depicting the suppression of Mn2* dissolution owing to the formation of
O=—C-0-M (M = Mn, Ni) species in the PAMM-based PIS-CEl, which is absent
in the PMMA-based PIS-CEl (reproduced/adapted from ref. 347 with permis-
sion from American Chemical Society, Copyright 2017%).

It is observed that the number average molecular weight (M,,)
of the resulting polymers reaches x~52000 Da when the
LE-mixture can react for 10 h. Indeed, the resulting GPE
delivers an RT ionic conductivity of 3.8 mS cm ™. Compared
to LEs, this GPE in a Li|Li symmetric cell exhibits a signifi-
cantly lower overpotential for the lithium plating/stripping
process for prolonged cycling. The volume-changes and HSAL
formation at the Li-metal surface are also minimized with the
reported GPE. The adaptability of this method for the fabrica-
tion of LMPBs with various cathode materials such as LFP,
NMC622, and sulfur has been demonstrated (Fig. 42c), which
illustrates the overall good cycling performance using the in situ
fabricated GPE-based cells. The SEM image of the S cathode
before and after the GPE coating is shown in Fig. 42d and e,
respectively. Indeed, the in situ confinement of the GPE is
found to restrict the free diffusion of polysulfides, thus reducing
the shuttling effect. At 0.5C, the S|GPE|Li cell delivers a discharge
capacity of 1010 mA h g~ ' by retaining 50% of the initial value
after 500 cycles (Fig. 42f). Hence, 1,3-DOL to poly-DOL conversion
inside the LB cell is indeed an excellent approach to improve the
overall cycling performance of S||Li cells.

In the recent work by Zhao et al., 1,3-DOL is converted to an
SPE by CROP, followed by the separator assisted approach used
for LMPB fabrication (Fig. 43a).*** In this work, the role of
aluminum triflate (Al(OTf);) salt as an electrolyte additive is
proved to initiate the CROP reaction. The cationic aluminum
species attacked by the oxygen atom of 1,3-DOL initiates ROP,
producing poly-DOL with an M,, of 15000 Da (Fig. 43b). The
ionic conductivity of the SPE is as high as 1 mS cm™" (RT),
which surpasses typical SPEs. However, the authors mention

2758 | Energy Environ. Sci., 2021, 14, 2708-2788
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that the high RT ionic conductivity could be due to the
unpolymerized 1,3-DOL or oligomers entangled within the
poly-DOL matrix, which is clear from the lower ionic conductivity
of 0.1 mS cm ™! obtained for the SPEs with a higher concentration
of Al(OTf);. Therefore, the poly-DOL formation should be judi-
ciously controlled so that an optimum molecular weight of the
polymer is obtained. The optimized poly-DOL-based SPE displays
oxidative stability over 5 V vs. Li|Li" and stable lithium plating/
stripping over 200 h (areal capacity = 1 mA h cm ?). The
morphology of the Li-metal anode after plating/stripping analysis
in the case of the LE and SPE is presented in Fig. 43c and d,
respectively. The smooth surface morphology of the plated Li for
an SPE underlines the better interfacial properties achieved by
the SPE over the LE. The authors reported three types of LMPB
cells (S|SPE|Li, NMC622|SPE|Li, and LFP|SPE|Li) that are pre-
pared and fully characterized at RT. In the case of the S|SPE|Li
cell, the polysulfide shuttling is reduced, and the cell displays
98% Coulombic efficiency even after 100 cycles (at 0.1C), which is
indicating the role of the in situ process in suppressing the side
reactions. The charge-discharge profile of the S|SPE|Li cell at
different current rates is provided in Fig. 43e. Similarly, the LFP
and NMC622 cathode-based separator assisted in situ fabricated
LMPB cells also show superior performance to their respective LE
counterparts. Hence, from these examples, it can be summarized
that the in situ processing of LPBs using the CROP reaction is an
important approach for producing pure and long-lasting PEs,
and more focused research in this direction will increase further
opportunities.

6.3 Condensation polymerization

Condensation polymerization is a type of step-growth polymer-
ization between bi-functional or multi-functional monomers to
form larger polymeric chains by releasing byproducts, such as
water or alcohol.”** Contrary to chain-growth (addition) poly-
merization, in a condensation polymerization or step-growth
polymerization, most of the monomers are consumed in the
early stages of the reaction to form low molecular weight chains
(short), which after a large number of steps react further to
form a high molecular weight chain by the end of the reaction.
When both reagents are bi-functional, the obtained polymer is
linear, whereas, if at least one of the reactants or monomers is
tri- or tetra-functional, then a cross-linked polymer is obtained.
Esterification of carboxylic acids with alcohol is a suitable example
of a condensation polymerization reaction. The industrially known
polymers produced by condensation polymerization are polyesters
(polyethylene terephthalate, PET), urethanes, and polyamides
(Nylon 6). The type of monomers, number of functionalities per
molecule, polymerization temperature, solvent type, side product
formed, etc. largely influence the condensation polymerization
reaction and the resulting characteristics of the polymer. In fact,
the final molecular weight of the synthesized polymer is regulated
by maintaining an equilibrium concentration between the
reactants and byproducts.>** Indeed, the polymerization termina-
tion reaction can be carried out by adding one of the reactants in
excess or by adding a mono-functional molecule bearing one of the
functionalities that are used to produce the polymer. This way, the

This journal is © The Royal Society of Chemistry 2021
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(a) The mechanism of cationic polymerization of the 1,3-DOL solvent to a GPE initiated by H*(PFsOH)~

species at ambient temperature; (b) the

photographs presenting the 1,3-DOL-based LE before and after polymerization; (c) the schematic representation of the in situ processed 1,3-DOL-based
GPE supported by a porous separator over the S cathode inside the LB cell; the SEM images of the surface of the S cathode (d) before and (e) after GPE
coating; and (f) cycling performance and Coulombic efficiency comparison of the in situ processed S|GPE|Li and S|LE|Li battery cells. The GPE performs
better than the LE due to the reduced polysulfide shuttling between the anode and cathode.*! (Reprinted/Adapted from Reference 511. © The Authors,
some rights reserved; exclusive licensee AAAS. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://

creativecommons.org/licenses/by-nc/4.0/.)

average molecular weight and the cross-linking density can be
controlled by selecting the reactant with appropriate type and
number of functionalities of each monomer and their concen-
tration. Due to the formation of side products such as water and
alcohol, a direct deposition approach or in situ cell fabrication
inside the cell pack of an LMPB/LIPB is a real challenge.
However, there have been recent and encouraging reports,
which demonstrate the improved performance of LB cells that
employ PIS layers produced using the condensation polymeriza-
tion process. For example, in the context of the in situ process,
condensation polymerization has been adopted for the surface
protection of cathode films by an artificial PIS-interphase in
several reports.”’® Recent advancements in polymer systems

This journal is © The Royal Society of Chemistry 2021

such as covalent organic frameworks (COFs) heavily depend
on the condensation reaction, which can have potential applica-
tions in PEs as well as in situ cell fabrication process.??®>14-316

Polymer-based artificial surface coatings (PIS-interphases)
realized by condensation polymerization over high voltage cathodes
are found to improve the cycling performance of LIBs.>*#34517518
In many reports, a polyimide (PI}-based surface layer is prepared by
thermally assisted condensation polymerization from a precursor of
a four component polyamic acid solution. The polyamic acid
solution consists of pyromellitic dianhydride, biphenyl dianhydride,
phenylenediamine, and oxydianiline. This solution is first
introduced into the electrode slurry and then subjected to a
five-step thermal curing process to initiate the imidization

Energy Environ. Sci., 2021,14, 2708-2788 | 2759
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mechanism for 1,3-DOL initiated by Al(OTf)s. The optical photographs of 1,3-DOL LE and the formed SPE are also presented. The SEM images showing
the morphology of the plated Li in the case of the (c) LE and (d) SPE. (e) The galvanostatic charge—discharge profile of the S|SPE|Li cell at RT (reproduced/
adapted from ref. 334 with permission from Springer Nature, Copyright 2019%%4).

process (Fig. 44a).°'® During the operation of the battery cell,
when the cathode is in contact with the LE, the PI-layer
functions as an artificial PIS-CEI by protecting the cathode
particles from any direct attack by the LE components, thus
suppressing the undesired interfacial side reactions. This
method was later successfully extended to several other high-
voltage cathodes such as LCO, NMC111, and LNMO, and
improved overall performance has been demonstrated.

In a report, a 10 nm thick layer of a PI-based PIS-CEI was
in situ generated over an LCO cathode for LIB fabrication by a
similar condensation polymerization reaction. The performance
of the LIB cell is compared against a pristine LCO counter-
part.***3*° The separately prepared self-standing PI film swollen
in the LE (1 M LiPF4 in EC: EMC) exhibited an ionic conductivity
of 0.15 mS cm ™" (RT). When the PI-coated LIB (LCO|LE|graphite)
cell is cycled between 3 and 4.4 V, the cell delivered a specific
capacity of 160 mA h g * (at 0.5C) with a capacity retention of
76% even after 100 cycles. In contrast, the specific capacity of
PI-free cells dropped to 38% under the same conditions. It is
observed that the PI coating with an average thickness of 10 nm
imparts a well-balanced enhancement of the cell performance

2760 | Energy Environ. Sci., 2021, 14, 2708-2788

and related thermal stability of the final LIB cell. However, as
the coating thickness of PI is increased, the discharge capability
(C-rate) of the cells is compromised due to an undesired rise in
the overall ionic and electronic resistance at the interphase. The
Pl-based PIS-CEI layer is reported to reduce exothermic side
reactions, which underlines the efficacy of the thermally stabilized
electrode|electrolyte interface and interphase (Fig. 44b).>'® Fig. 44c
and d present the SEM images of the pristine and PI-coated
NMC-111 electrodes, respectively. The 10 nm thick conformal
surface coating of PI over NMC111 is evident from Fig. 44e;
additionally, Fig. 44f confirms the superiority of the electroche-
mical performance of the PI-coated LIB (NMC111|LE|graphite)
cell against a PI non-coated NMC111 electrode-based LIB cell.
The authors have also attempted to produce a composite of PI
and carbon black to modify the LCO surface, which results
in improved electrical conductivity of the surface coating by
providing high rate capability during the long-term galvano-
static charge-discharge cycling.>'® Similarly, PI coated (10 nm
thick) high-voltage spinel LNMO cathodes are used for the
fabrication of LIB cells and cycled at RT (3.5-5 V) and 55 °C
(3.5-4.9 V).>*° At RT, both the pristine and PI-LNMO based cells

This journal is © The Royal Society of Chemistry 2021
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Fig. 44 (a) Chemical structures of the four components in the precursor solution used for the in situ processing of the polyimide (Pl)-based artificial

PIS-CEIl over the cathode by condensation polymerization. (b) Schematic illustration of a Pl-wrapped NMC111 cathode. The role of the Pl coating in
suppressing the unwanted side reactions as well as heat generation is also depicted. SEM images of the (c) pristine and (d) Pl-coated NMC111 cathode.
(e) The 10 nm thick coating of a PIS-CEI layer over NMC111. (f) The superior electrochemical performance of the Pl-coated NMC111-based cell over the

non-coated counterpart (reproduced/adapted from ref. 518 with permission from The Royal Society of Chemistry

exhibited almost similar cycling performance. However, at 55 °C,
the cycling behavior of PI-LNMO (98% retention, 50 cycles) is far
superior to the pristine-uncoated (83% retention, 50 cycles)
counterpart. Apart from reducing interfacial exothermic reactions
between the charged LNMO and the LE, the PI coating prevents
Mn** dissolution from LNMO. The same method is adopted for
high-voltage vanadium doped LNMO cathodes, and exciting char-
acteristics similar to the above materials are also demonstrated.*!
In conclusion, all the aforementioned reports suggest that the PI-
based PIS-CEI layer synergistically contributes to enhanced cycling
performance. It can also be elucidated that the coating of electrode

This journal is © The Royal Society of Chemistry 2021

518)

particles by judiciously selected monomers by condensation poly-
merization can be an alternative approach over the existing costly
and difficult to upscale processes such as pyrolysis, atomic layer
coating, or even sputtering techniques.

6.4 Electropolymerization

A polymerization process in which a thin polymer film is
formed from a monomer solution onto an electronically con-
ducting substrate is called electropolymerization. It is usually
employed in applications such as surface protection, electrode
coating, electrocatalysis, electrogenerated chemiluminescence (ECL),
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electrochemical sensors, and electrode material preparation
for energy storage and conversion devices (e.g., batteries, super-
capacitors, solar cells, fuel cells, etc.).>*>>**> Dall’'Olio et al., in
1968, reported the first example of an oxidative electropolymer-
ization process to produce polypyrrole in water.>”®**” Later in
the 1980s, the reductive electropolymerization of vinyl-substituted
molecules was pioneered by Abruna and co-workers.”*® Currently,
electropolymerization is a well-established process for the in situ
deposition of polymeric films on various types of conducting
surfaces.

Electropolymerization is often carried out in a precursor
solution supported by a three-electrode electrochemical cell
(Fig. 45a),°>>°* where the characteristics of the electropolymerized
film depend on the type of monomer, electrolyte, electrodes,
viscosity of the medium, applied potential/current, scan rate, and
ultimately the electrochemical method used. A three-electrode
system is generally used to control the respective electrode
potential;>*" however, the polymerization can also be carried
out in a two-electrode assembly. Electropolymerization can be
developed into a sustainable polymerization process where
the energy for the polymerization can come from renewable
resources. Moreover, the surface coverage and thickness of the
electropolymerized films can be easily fine-tuned by selecting a
suitable polymerization duration, monomer type and concen-
tration, and applied current or potential. The general draw-
backs of electropolymerization include the inability to produce
large molecular weight polymers as well as thick films due to
the diffusion limitation of the monomers to reach the substrate
electrode surface. If the electronic conductivity of the electro-
polymerized polymer layer is relatively low, it can affect the kinetics
and continuity of the subsequent polymerization process.

Galvanostatic, potentiodynamic, or potentiostatic techniques can
be used for the electrochemical polymerization process.>**>**°%3
The galvanostatic approach uses a constant current, hence
allowing greater control over the thickness of the electropolymer-
ized film in addition to maintaining a constant polymerization
rate. In the potentiostatic method, a constant potential is applied,
where the control over the rate of polymerization is often lost.
However, if the applied potential is controlled precisely, optimum
morphological features of the polymer film can be achieved even
with the potentiostatic technique.’®* In the case of the potentio-
dynamic approach, the potential of the electrode is varied at a
selected scan-rate over a wide potential window, which is often
used for the detailed investigation of the polymerization
mechanism.”**  Generally, electropolymerization can progress
through oxidation (anodic) or reduction (cathodic) pathways.******
In the case of oxidative electropolymerization, the monomer unit
turns into a radical cation, whereas, in the case of reductive
polymerization, a radical anion is formed. Such a chain initiation
process occurring through an electrochemical event is often called
electro-initiation. The formation of these radical anions and cations
is followed by polymer chain propagation, which can occur through
an ionic or free-radical pathway. But the exact mechanism of such a
propagation reaction is yet to be well-defined.”***” Conducting
polymers (important as electrode materials in EESs) are usually
prepared using oxidative electropolymerization of monomers such

2762 | Energy Environ. Sci., 2021, 14, 2708-2788
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Fig. 45 (a) Schematic representation of electropolymerization of an
artificial or sacrificial protection layer over the working electrode in a
standard three-electrode assembly; and the mechanism of the reductive
electropolymerization of (b) a para-sulfonated allyl phenyl ether monomer
in DMSO medium (reproduced/adapted from ref. 540 with permission from
Elsevier, Copyright 2017°°) and (c) PEGMEM in an aqueous medium.>*®

as aniline, pyrrole, and so on. In contrast, vinyl- and allyl-functional
monomers (important as PEs) are mostly polymerized using the
reductive approach.®***%
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For example, reductive electropolymerization of the p-sulfonated
(allyl phenyl ether) monomer from a nonaqueous LE (0.5 M LiTFSI/
DMSO) is presented in Fig. 45b.**°*" Here, the first step is the
formation of a radical anion followed by the addition of H' from the
reaction medium (or a trace amount of water) to form a more stable
secondary free-radical. The polymerization is propagated by the
reaction between the freshly generated free-radical and monomers
present at the electrode surface. Vinyl monomers can also be
polymerized in a similar fashion.>*> However, in an aqueous
medium, such an initiation step is not possible as the radical
anion formed is terminated by the ionic end of the water.>**>**
Therefore, the electropolymerization mechanism of PEGMEM
from an aqueous medium is reported to be initiated by an
electrochemically generated hydrogen free-radical (H*).*** The
H* species is formed during the reduction of H' to H, (Fig. 45¢).
In the past, reductive electropolymerization has been explored
for the preparation of several types of polymer films (PAN,
PMMA, polybutadiene, polystyrene, etc.) in aqueous and non-
aqueous media.>****¢*® Ultimately, the in situ process using
the electropolymerization technique can be important in the
context of surface protected electrodes, especially for PIS-SEI and
PIS-CEI layers having desired properties. Even the direct conversion
of an LE in an LB cell to a PE for the fabrication of LIPBs/LMPBs can
also be envisaged.”****° Even though the electropolymerization
method is not used widely in LPBs, it has the potential to be
developed into a robust tool for producing well-defined polymers
integrated into LPBs during the device fabrication process.

Electrochemical reduction of unsaturated organic carbonates
such as VC and vinyl ethylene carbonate (VEC) is known to form
an effective polymeric SEI layer in LIBs.”>! Due to the polymeric
nature of the SEIs derived from VC and VEC, they can also be
identified in the category of PIS-SEIs. In the conventional
method, the reduction reaction that occurs during the formation
cycle of the battery cell is often tricky to control externally,*®”->>052
To overcome the afore-noted difficulty, poly-VC-based PIS-SEI
layers are prepared on the anode surface by a novel method
involving the controlled and timely release of VC into the electro-
lyte solution and the diffusion of these VC molecules to the anode
surface using VC-microcapsules.>®® Fig. 46a presents the scheme
of the process in which the VC-microcapsules release a small
amount of VC into the LE in the first charging cycle, which
subsequently takes part in forming PIS-SEI layers by the reductive
electropolymerization process. During successive cycles, the
VC-microcapsules continue with the slow release of VC by
maintaining an optimum VC concentration corresponding to
5 wt% VC. The VC-microcapsule technique is an autonomous
strategy involving the temperature- and concentration-controlled
diffusion of VC to the electrode surface. As compared to the
conventional method of simply adding VC in the electrolyte as an
additive, the VC-microcapsule technique can be controlled exter-
nally, enhancing the durability and rate performance of the LIB
(NCA|LE|graphite) full cells (Fig. 46b). The scheme depicting the
general pathway and electro-reduction of VC is presented in
Fig. 46¢, where poly-VC (product A) is generally accepted to be
a major component in the interphases at both the graphite
anode and LCO cathode.®**%>>

This journal is © The Royal Society of Chemistry 2021
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Apart from electrolyte additives like VC or VEC, state-of-the-art
carbonate solvents such as PC can also undergo electrochemical
reduction so that polycarbonate-based PIS-SEI layers can be
expected. However, the compositions of the SEI formed by the
electro-reduction of PC and other organic carbonate solvents are
highly debated.®® Several early reports related to SEIs suggest that
the PC reduction leads to the formation of a semicarbonate
known as lithium ethylene dicarbonate ((CH,OCO,Li),, LEDC)
by ROP of PC without oligomeric or polymeric products. How-
ever, several recent studies using advanced mass-spectrometry
techniques (thermogravimetric mass-spectrometry (TG-MS),
MALDI, etc.) have convincingly proved (m/z ratio of 3000 and
1500 from PC and EC/DMC, respectively) the polymeric nature of
the electrochemical reduction products of organic carbonate
solvents.>*®%*>%7 1t is even claimed that the polymeric compo-
nents evolved from the organic carbonates are 3D branched
network polymers (see Fig. 46d).*® To understand the funda-
mental characteristics of the PIS-SEI formed by the reduction
of PC solvent in an LE-LMB, Kasmaee et al. conducted chrono-
amperometry studies at different applied potentials of 1, 1.1,
and 1.7 Vvs. Li|Li".**” The underpotential electropolymerization
(UPE is electropolymerization happening at a lower negative
potential than the equilibrium reduction potential of the mono-
mer) of PC occurring at 1.7 Vvs. Li|Li" can ensure the formation
of an efficient PIS-SEI layer, which is PC impermeable, compact,
electrically insulating, and Li'-ion conducting. Besides, the UPE
processed PIS-SEI constitutes interconnected long polymer
chains extended over the electrode surface. This study concludes
that the polymerization kinetics play a critical role in controlling
the properties of the PIS-SEL The slow polymerization initiation
rate under UPE conditions provides sufficient time for the for-
mation of longer polymer chains. However, close to the equili-
brium reduction potential (1 and 1.1 V vs. Li|Li"), the PC reduction
rate prevails, leading to an inferior SEI composed of short and
disjointed polymer domains with high PC permeability. Since the
diffusion coefficient of PC within the UPE processed PIS-SEI is
very low, it can provide superior Li-metal protection compared to
the PIS-SEI formed at the equilibrium reduction potential having
a high PC diffusion coefficient. The schematic illustration of the
PC permeable and impermeable polymer chains formed over the
Li-metal electrode surface at different electrode potentials (red-
colored chains indicate the equilibrium reduction of PC at 1.0 V
vs. Li|Li" and blue under UPE conditions of 1.7 V vs. Li|Li") is
presented in Fig. 46e.

Like in the case of LBs, the SEI is an essential component in
other battery chemistries as well, especially in sodium metal
anode-based Li-free alternative batteries. Even though slightly
out of context considering the focus of the review, the work by
Wei et al. regarding Na-metal batteries is interesting as it can find
application in LMBs as well. They proposed the in situ reductive
electropolymerization of allyl-/vinyl-functionalized ionic liquid
monomers to realize an artificial PIS-SEI layer over a Na-metal
anode.”®® Here, the unsaturated ionic liquid undergoes reductive
electro-initiation to generate a radical anion (Fig. 47a), which can
propagate the growth of the polymer chain. Three different ionic
liquid monomers are investigated for electropolymerization and
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Fig. 46 (a) Schematic of the microcapsule-based release of the VC additive in an LIB and the in situ electroreduction to the PIS-SEI surface protection
layer at the anode electrode surface; (b) the improved rate-capability of an LIB achieved through the microcapsule technique over the conventional
approach of adding VC as an additive in an LE (reproduced/adapted from ref. 553 with permission from American Chemical Society, Copyright 2017°°3);
(c) the possible reaction products of the electro-reduction of VC molecules;84°%%554 (d) the plausible 3D branched polymeric product formed by the
electro-reduction of organic carbonate solvents (EC, PC, etc.), which becomes part of the SEI (reproduced/adapted from ref. 88 with permission from
American Chemical Society, Copyright 2014%); and (e) representation of PC non-permeable (left side) and permeable (right side) polymeric components
formed by the electro-reduction of PC at 1.0 V (equilibrium reduction potential) and 1.7 V (UPE) vs. Li|Li* (reproduced/adapted from ref. 357 with
permission from Elsevier, Copyright 2016.*>” Distributed under a Creative Commons Attribution License International 4.0 (CC BY 4.0) (https://
creativecommons.org/licenses/by/4.0/)).

it is reported that the PIS-SEI formed over the anode is influenced
by the molecular structure of the ionic liquid monomer used.
For instance, the mono-functional 1-allyl-3-methylimidazolium
perchlorate (AMIM) monomer results in an oligomeric PIS-SEI,
whereas the bi-functional monomers 1,3-diallyl imidazolium

perchlorate (DAIM) and 1-allyl-3-vinyl imidazolium perchlorate
(AVIM) produce high molecular weight polymers. Among the
AVIM and DAIM molecules, the former is a highly reactive species
due to the presence of an sp” hybridized vinyl group, which leads
to a denser polymer layer. However, the allyl carbon in DAIM
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(a) Schematic representation of the formation of a DAIM ionic liquid-derived PIS-SEIl over Na-metal by reductive electropolymerization. Cycling

performance of the PIS-layer protected (b) NasV,(PO,)s|LE|Na and (c) S|LE|Na cells. In the inset (b and ¢), the cycling stability of the unprotected cells is
also displayed (reproduced/adapted from ref. 558 with permission from John Wiley and Sons, Copyright 2017°8). (d) Mechanism of oxidative
electropolymerization of the phenyl monomer, namely o-hydroxybenzenesulfonate (o-HBS) (reproduced/adapted from ref. 567 with permission from

John Wiley and Sons, Copyright 2016°%7).

imparts internal plasticization, and the formed polymer layer is
soft and rubbery. Therefore, the DAIM-based PIS-SEI is employed
for further investigation. Both Na;V,(PO,);|LE|Na and S|LE|Na
cells are fabricated using the in situ electropolymerized DAIM-
based PIS-SEI over the metallic anode from an LE (20 wt% DAIM
in 1 M NaClO, in EC:PC). In the case of the Na;V,(PO,);|LE|Na
cell, the PIS-SEI protection helps in retaining above 90% of the
initial specific capacity (~ 105 mA h g~ ") over 160 cycles, whereas,
in the cell without the PIS-SEI coating, the capacity drastically
dropped below 50% in just 20 cycles (Fig. 47b). Additionally,
similar performance improvement is also observed in PIS-SEI-
protected S|LE|Na cells over the non-protected counterpart
(Fig. 47¢).

Electropolymerization as a tool for the direct conversion of
1,3-DOL present in an LE to a poly-DOL-based artificial PIS-CEI
that can protect the high-voltage LNMO cathode and the high-
capacity sulfur cathode was demonstrated by Monaca et al.>>°
The polymerization is carried out through chronoamperometry
cycles above 4 V vs. Li|Li" without the use of any additional
initiator so that a thin PIS-CEI layer is formed over the LNMO or
sulfur working electrode. The precursor used for the electro-
polymerization is composed of 5 m LiTFSI in 1,3-DOL (dimethyl
ether as a solvent is optional). Later, the protected working
electrodes are used for LE-LMB fabrication. The LNMO|LE|Li
cell displayed a specific capacity of 100 mA h g * (1C, 26 °C,
3.5-4.8 V) with 90% capacity retention over 200 cycles. The
surface protected S|LE|Li cell is found to inhibit polysulfide
shuttling and displayed around 100% capacity retention over
50 cycles, which is convincingly better than the non-protected
cell. In a report from Kong et al., the GPE formed from 1,3-DOL

This journal is © The Royal Society of Chemistry 2021

by electropolymerization is found to improve the cycling life of
the LMPB (LCO|GPE|Li) cell compared to that of a test cell
without 1,3-DOL.***%? In a later published report from the
same group, factors such as the cut-off voltage, current rate,
and temperature influencing the electropolymerization of
1,3-DOL are emphasized.’® On fixing the cut-off potential of
electropolymerization between 3 and 4.1 V vs. Li|Li", the
capacity retention is improved irrespective of the current rate,
provided that the cell is kept below the onset temperature for
the thermal polymerization of 1,3-DOL. However, the complete
understanding of the electropolymerization mechanism of
1,3-DOL is still lacking.>®*

Several reports are available in the literature on the reductive
electropolymerization of monomers (mainly monomers with
vinyl- and allyl-functionalities) as a tool for realizing PEs, and
PIS-SEI and PIS-CEI layers. However, oxidative electropolymer-
ization for the same purpose is not very well explored. Although
the oxidative polymerization of vinyl- and allyl-functional
monomers governed by the formation of a radical cation is also
known,>** oxidative electropolymerization reactions of phenolic
monomers are mostly employed in the context of surface protec-
tion or PEs. A report by Rhodes et al. demonstrated the oxidative
electropolymerization of a co-monomer solution composed of
two phenolic monomers p-hydroxybenzenesulfonate (p-HBS) and
2,6-dimethylphenol (DMP) in the presence of a supporting
electrolyte made of 0.3 M NaOH in methanol.’*>**® As a proof
of concept, oxidative electropolymerization is carried out over an
indium-tin-oxide (ITO) working electrode in a three-electrode
assembly [potentiostatic method, 1.5 V vs. sodium saturated
calomel electrode (SSCE)]. The formed SPE can be considered
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as a blend electrolyte, where the poly-4-sulfonic acid-1,2-phenylene
oxide (PSPO) derived from p-HBS with a sulfonate group is
integrated into the poly-2,6-dimethyl-1,4-phenylene oxide (PDPO)
from DMP. However, the possible formation of a covalently linked
PSPO-co-PDPO copolymer is also suggested. The charge com-
pensating Na'-ion present in the blend SPE can be easily ion-
exchanged by Li™-ions to form an SIC-PE exhibiting an ionic
conductivity in the order of 10~® to 107° S ecm™" (RT). Consider-
ing the SPE film thickness of ~100 nm, it can be employed as
a PIS-based surface protection layer for LBs. In a recent work,
the difference between the structure of polymers synthesized
by electrochemical oxidative polymerization of p-HBS and its
isomer o-hydroxybenzenesulfonate (0-HBS) was explained with
mechanistic details by Braglia et al.>®” It is observed that o-HBS
leads to a linear polymer with faster kinetics. In contrast, p-HBS
follows slower polymerization kinetics with the formation of a
sterically hindered polymer network. The detailed oxidative
polymerization mechanism of 0-HBS is presented in Fig. 47d.
However, the applicability of any of these polymers is yet to be
demonstrated in ex situ or in situ processed LB full cells.

In summary, Sections 6.1 to 6.4 primarily discuss the anionic,
cationic, condensation, and electropolymerization methods
adopted for the in situ processing of LIPB/LMPB cells and
surface protection of electrodes. Depending on the type of

View Article Online
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monomers and available reaction conditions, one of these
methods can be used to fabricate LB cells. All these methods
are suitable for producing GPEs, SPEs, and PIS-interphases.
Anionic and cationic polymerization can occur even in the
absence of any additional initiators, as the Li-metal or even
salt can initiate the polymerization reaction. For instance, the
Li-metal induced anionic polymerization of cyanoacrylate
monomers is suitable for the surface protection of the Li-metal
anode in LE-LMBs and LMPBs. The temperature dependency of
anionic polymerization of VC can be ingenuously used for the
in situ fabrication of smart LMPB cells, which possess a self-
shutdown mechanism. Cationic polymerization is suitable for
ROP reactions. For instance, the CROP of 1,3-DOL provides the
opportunity for direct conversion of an LE to a PE or even a
conformal electrode protection layer-based on poly-DOL. Other
types of cyclic monomers, such as epoxides, are also suitable
candidates for CROP. In Tables 6 and 7, the reports on anionic
and cationic in situ polymerization processes used for LB
applications are compiled and summarized.

Besides ionic polymerization methods, a few reports address
the in situ processing of PIS-interphase layers using condensation
polymerization and electropolymerization methods. These two
techniques are mainly employed for surface protection, either at
the anode or cathode. Condensation polymerization is adopted

Table 6 Summary of the in situ processing of LPBs and PIS-interphases using the anionic-polymerization method

Operating
Monomer/ Electrolyte/ voltage Capacity
oligomer  salt Initiation Ionic conductivity Cell range Capacity retention Ref.
ECA* 4 M LiClO, Electron transfer 27mScm 'at RT  LFP|GPE|Li 2.5-4V 140 mAhg'  90%, 100 cycles, 1C 481
in EC:DMC from Li-metal (1C, RT)
ECA¥ 1 M LiPFg  Moisture — LNMO|LE|Li 3.5-5V ~122mAh g 92%, 100 cycles, 1C 346
in EC:DMC (1C, RT)
ECA¥ 1 M LiPFs  Hydroxyl group — LFP|LE|Li 2.5-4V 150 mAh g™ 100%, 500 cycles, 2C 488
EC:DMC on Li-metal surface (2C, RT)
ver Lil Lithium iodoalkoxide 1.8 mS cm™!at 25 °C LTO|GPE|Li 1-2V ~150 mAh g' 50%, 700 cycles, 1C 489
(1C, RT)
* Separator assisted. # Direct deposition. *PIS-interphase.
Table 7 Summary of the in situ processing of LPBs using the cationic polymerization method
Operating
Monomer/ Electrolyte/salt/  Initiator Ionic voltage Capacity
oligomer  plasticizer species conductivity Cell range Capacity retention Ref.
TEGDVE®* 1 M LiBETI H'BF,~ 1mSem ! LCO|GPE|Li 3-43V 150 mAhg™* — 499
in EC:DEC at 30 °C (15 mA g™, 30 °C)
PVA-CN* 1M LiPF, H'(PF;0H)~ — LCO|GPE| 2-4.4V >1900 mA h >80%, 50 cycles, 500
in EC:DMC:EMC graphite (0.2C, 25 °C) 0.2C
PVA-CN*  LiTFSI, SN H'(PF;OH)" 2.37 mScem™' LFP|GPE|Li 2.4-42V  155mAhg* 96.7%, 100 cycles, 501
at 25 °C (0.1C, 25 °C) 0.1C
PEGDE*  LiTFSI H'(BF;0H)" 0.09 mS cem ™' LFP|SPE|Li 2.5-4V ~115mAh g™ 74%, 100 cycles, 504
at RT (0.1C, 25 °C) 0.1C
Siloxane 1 M LiPFq H'(PF;OH)" 11mScm ™' LCO|GPE|graphite 2.8-42V 133 mAhg ' ~98%, 200 cycles, 510
epoxide in EC:DMC at 30 °C (0.1¢, 30 °C) 0.1C
with PVS*
1,3-DOL*  LiPF,, LiTFSI H'(PFsOH) = 3.8mScm '  S|GPE|Li 1.8-3V 1010 mA h g~* 50%, 500 cycles 511
at RT (0.5C, RT)
1.3-DOL*  LiTFSI Al(OTf), 1mS cm™! LFP|SPE|Li 25-4V 100 mAhg™? ~75%, 700 cycles, 334
at RT (1C, RT) 1C

* Separator assisted. ® Multi-layer approach.
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primarily for forming artificial protective coatings at the cathode,
which act as a PIS-CEI layer. In contrast, electropolymerization
reactions have been employed for the preparation of both PIS-SEI
and PIS-CEI coatings. Therefore, these two methods are suitable
and should be further explored for developing polymeric inter-
phases with excellent physicochemical and electrochemical char-
acteristics. Indeed, such judiciously prepared layers will enable
the use of high-voltage cathodes for LBs and avoid some of the
disadvantages related to oxidation or reduction stability of com-
monly used polymer hosts. The thin layer coating on high-voltage
cathodes such as LCO, LMNO, and NMC111 is proven to reduce
the exothermic reactions and Mn*'-dissolution in the interface
between the LE and electrode, improving the cycling stability.
Hence, by using these polymerization techniques, safer LIBs can
be built. Like ionic polymerization, electropolymerization can be
carried out without the presence of additional initiators. However,
fully-fledged utilization of the electropolymerization method for
the in situ processing is rarely attempted for conventional LMPB/
LIPB cell fabrication. Electropolymerization requires special
attention as polymeric SEI/CEI (PIS-SEI/PIS-CEI) layer formation
is an inherent and essential phenomenon in all types of LBs. In
recent times, electropolymerization has evolved as an exciting
method for customized LB (e.g. microbatteries) fabrication, as
discussed in the following sections. In the case of microbatteries,
their small size is an added advantage that allows electro-
chemically polymerized conformal coatings of PIS itself to
effectively act as a separator and prevent individual electrodes
from coming into contact.

7. Potential scope of the in situ
process in customized LPB fabrication

In the previous sections, the adoption of the in situ process for
the fabrication of conventional LPB cells is thoroughly covered.
The potential of the in situ process is envisaged to have an
imminent impact on other customized cell designs such as
lithium microbatteries (mLBs), flexible and wire-shaped LBs,
and even those LBs with complex geometries. Such customized
battery designs are significant in micro, flexible, and portable
electronics to be integrated with miniature devices such as
medical aids, sensors, actuators, and other internet-connected
devices, which constitute the futuristic Internet of Things
(10Ts).>*®>7! In this context, the following section provides an
overview of several attempts for fabricating customized LBs
making use of the in situ polymerization process.

7.1 Microbattery fabrication using the in situ process

The working principles of mLBs and conventional LBs are the
same. Still, the size of an mLB is extremely small and generally
accepted to be <0.1 cm>.°>”> Reduction in the size of state-of-
the-art LBs demands updated manufacturing methods with
alternative electrolyte designs to overcome the risks related to LE
leakage and other safety issues. SSEs are ideal for such devices,
where PEs are expected to make a huge impact. To cope with the
architectural flexibility of such devices, shape deformable PEs are

This journal is © The Royal Society of Chemistry 2021
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Fig. 48 Schematic representation of the four commonly used mLB
configurations: (a) 2D stacked, (b) 2D in-plane, (c) 3D in-plane, and (d)
3D stacked (reproduced/adapted from ref. 281 with permission from John
Wiley and Sons, Copyright 2019282,

| Current collector Electrolyte

indeed inevitable.>”**”**”* Despite significant advancement in

physical and chemical methods for mLB fabrication such as
3D-printing, thin-film lithography, physical and chemical vapor
deposition, thermal evaporation, atomic layer deposition, laser
printing, and sol-gel methods, the limited areal/volumetric
capacity, energy density, and power density offered by mLBs
remain a considerable challenge.*®®**”*”> A summary of the
different types of commonly used mLB designs is presented in
Fig. 48a-d.>®" Generally, the architecture of the microelectrode
in mLBs can be either 2D or 3D. Using 2D- and 3D-micro-
electrodes, mLBs can be fabricated in both in-plane and
stacked geometries.”®" The recent trend in mLB fabrication is
the patterning of interdigitated microelectrodes on a single plane
and these are called interdigitated in-plane mLBs. Detailed
descriptions of the type of mLBs and the different electrode
configurations are available elsewhere.?"*’*%’%%”7 [n the case of
an interdigitated cell architecture, the specific capacity, energy/
power density, etc. can be improved by increasing the height of
the deposited electrodes, which facilitates an increased mass-
loading of the active materials.>”®

Like conventional LBs, the electrode|electrolyte interface/
interphase significantly influences the performance metrics of
mLBs. For instance, the infiltration of an LE and wetting of the
interiors in 3D-microelectrodes is relatively easy and efficient.
However, LEs are not a suitable choice for mLBs due to the risk
of leakage and the requirement of stringent packaging norms.
Therefore, the adoption of the in situ process, which can ensure
efficient electrode|electrolyte interface/interphase, and maximum
active material utilization, will be beneficial while fabricating
mLBs. Since the integration of different components (electrode
and electrolyte) of mLB cells in the micron-dimension is challenging,
the direct generation of conformal and ultra-thin PE layers (can be
considered as PIS layers due to the sleek nature of the PE in mLBs)
over microelectrode arrays by the in situ process can leverage certain
manufacturing/fabrication advantages. In the case of conventional
LBs, the role of PIS layers is to protect the electrode surface, where
the luxury of an additional separator soaked in an LE or a PE film
provides the physical separation between the anode and cathode.
However, in mLBs, the PIS should be ideally capable enough to
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simultaneously play the role of a separator and an electrolyte
since the use of an external separator or PE film is not feasible
due to the small dimension and the interdigitated configuration
of most mLBs.

Brandell et al. have synthesized and explored several UV
polymerized electrolytes for mLB applications. In one of the
reports, a thin SPE is in situ processed (direct deposition) over
the LFP electrode during mLB fabrication.*®******%! They pre-
pared a precursor consisting of a cross-linker (poly(propylene
oxide) diacrylate (PPOD)), a surfactant polyetheramine (glyceryl
poly(oxypropylene) (PEA), LiTFSI (Li:O ratio of 1:20), and a
photoinitiator (Irgacure 2022) in ethanol (ethanol is evaporated
during SPE processing step). PEA is a molecule with surfactant
properties, which can be considered an additive/plasticizer
capable of inducing hydrogen bonding interactions with the
oxygen moieties present in the electrode particles. These inter-
actions help in ensuring the effective wetting of the electrode by
the precursor. Although not mentioned, it is possible that the
PEA molecule can become part of the polymer host by an aza-
Michael addition reaction.’”®*®> An example of the aza-Michael
addition reaction between amine and acrylate in the mixture is
presented in Fig. 49a.>”° This is a multi-step process, which involves
the formation of an aza-Michael network that can undergo
subsequent cross-linking polymerization on UV-irradiation.
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Fig. 49 (a) Thermally triggered aza-Michael addition reaction occurring
between amine and acrylate molecules. The aza-Michael product on UV
curing produces a cross-linked polymer network (reproduced/adapted
from ref. 579 with permission from The Royal Society of Chemistry®”?).
SEM image of the (b) 3D Cu-pillar microelectrodes and (c and d) the 3D
Cu-pillar microelectrode surface after the in situ polymerization process at
two different magnifications (reproduced/adapted from ref. 580 with
permission from Elsevier, Copyright 2011°89). (e) Synthetic modification
of PEA to PEA-methacrylate (reproduced/adapted from ref. 581 with
permission from Elsevier, Copyright 2013°%%).
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The heat generated during the UV irradiation would be sufficient
to catalyze the aza-Michael reaction. This method of cross-linking
polymerization is industrially important and is generally used to
prepare thermosets. The UV-cured SPE prepared by Brandell et al.
comprises a conformal coating (1-3 pum thick) over the LFP
surface. The SPE film exhibits an ionic conductivity and oxidative
stability of 0.00345 mS cm ™" and 5.2 V vs. Li|Li", respectively
(30 °C). It is worth noting that due to the short transport
distances in mLBs, the low ionic conductivity value compared
to conventional PEs does not significantly influence the internal
cell resistance.**” At 60 °C, a specific capacity of 120 mA h g~ " is
obtained with stable cycling over 30 cycles for the LFP|SPE|Li cell.
The same SPE prepared over 3D-Cu,Sb microelectrodes is
also illustrated in Fig. 49b-d, demonstrating the possibility of
obtaining a conformal coating essential for mLB applications.>*°
The 3D-Cu,Sb-based mLB displays a higher discharge capacity
than the 2D-Cu,Sb counterpart due to the availability of more
surface area within the 3D microelectrode architecture, which
is accessible by the in situ generated SPE. The bi-functional
oligomer species synthesized by modification of the PEA mole-
cule by substituting the methacrylate monomer is also reported
as a potential candidate for the in situ processing of mLBs.>®" The
PEA-methacrylate monomer is prepared by the simple Michael-
addition reaction, unlike the aza-Michael reaction in the earlier
case. The reaction between PEA and methacrylic anhydride (MAA)
in the presence of triethylamine (TEA), leading to the formation
of methacrylate substituted PEA, is displayed in Fig. 49e. Due to
the possible presence of more than one methacrylate end group
in the substituted PEA, the use of additional cross-linker mono-
mers such as PPOD is avoided here. Ultimately, the authors claim
that the substituted PEA performs better than the unsubstituted
counterpart combined with LFP electrodes.

In situ electropolymerization is also used to generate a
conformal PIS layer on the microelectrodes that can be used
for mLB applications. The direct electropolymerization of PEG-
MEM onto nano-structured TiO, was reported by Djenizian
et al>*®>3%%3% T achieve this, the electropolymerization of
PEGMEM in the presence of LiTFSI salt is carried out by CV
onto a 3D-TiO, nanotube electrode in an aqueous medium
(three-electrode assembly where TiO, is employed as the working
electrode). The polymerization mechanism of PEGMEM is
already presented in Fig. 45c. Later, an mLB is fabricated by
the generation of a PE layer onto the TiO, nanotube anode and
LNMO cathode by the in situ electropolymerization process. The
schematic representation of the mLB and the cross-sectional SEM
images are displayed in Fig. 50a.”®>"%® With a prolonged number
of CV cycles, it is observed that the electrodes are covered with a
smooth layer of PE [Fig. 50b and c]. However, for safety reasons,
an additional thin PE layer is used apart from the electro-
polymerized PIS layer during the full cell fabrication. Interestingly,
the use of an LE is avoided here so that it can be considered as the
in situ processing of an SPE-based mLB by a multi-layer approach.
The in situ processed mLB is cycled in a voltage window of 1 to
3.3 Vat 0.1C for 10 cycles. In the first cycle, a discharge capacity of
169mAhg " (82 mAhcem > um™ ") is obtained, and 88% of the
capacity is retained after 10 cycles. The C-rate performance of

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee03527k

Open Access Article. Published on 11 February 2021. Downloaded on 6/13/2026 3:03:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

the mLB is also presented in Fig. 50d, where the mLB with
pristine electrodes is found to show far inferior performance to
the in situ electropolymerized counterpart.

Ferrari and Braglia et al. extended the in situ electro-
polymerization strategies for realizing SIC-PEs for potential
application in mLBs.>*>*%® The electro-polymerization of
p-sulfonated allyl phenyl ether is achieved by both CV and
chronoamperometry techniques. A precursor consisting of the
monomer and 0.5 M LiTFSI salt is prepared in DMSO solvent.
TiO, nanotubes, platinum, and Ag|AgCl are used as the working,
counter and reference electrodes, respectively, in a standard
three-electrode cell assembly. The mechanism of electropolymer-
ization of the p-sulfonated allyl phenyl ether is already presented
in Fig. 45b,>*° and the SEM images confirmed that the thickness
of the PE layer is 300 nm. Here also, an additional separator is

AccV__Spot Magn . Det WD Exp
MOV 10 200000¢TLD 52 l.

200 100 35
5 °p CI10 oA 3
S 160{ e {s0 € _
% ~CI10 o =25

» "]
~ -3
Z 120- ﬁf’:’. cis ey 60 E > 2
2 S =
2 815
3 80 i 140 2§
'% “ocosices g 81
£ 40 {20 8
3 ]
© <
04— : r x v —0 0
0 10 20 30 40 50
Cycle number

Fig. 50

Electropolymerized LNMO

MMA-PEG Polymer dropcast

Electropolymerized titania

Ti current collector

View Article Online

Energy & Environmental Science

used during the cell fabrication to avoid any possible cell failure
due to short-circuit. The cycling of the TiO,|SIC-PE|Li mLB half-
cell is carried out at 25 °C (1-3 V) (Fig. 50e), which exhibited a high
areal energy density (65 UW h ecm > um ') and power density
(90 uW h em™? um™*). Therefore, from the electrochemical perfor-
mance point of view, these results are claimed to be the best among
the results reported in the recent literature on mLBs.

7.2 Printable LBs

User-tailored devices such as shape-conformable portable
devices, wireless gadgets, and roll up displays are growing in
demand day by day. To bring them to fully-fledged utilization,
shape conformable and miniaturized energy storage devices are
equally important. To fabricate such energy storage devices,
flexible and readily deformable PEs are inevitable.?”%>90~393
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(a) Schematic representation of the mLB (LNMOISPE|TIO,) cell fabricated by the in situ electropolymerization process. An SEM image of the

cross-sectional view of the battery cell showing the various cell components is also presented. SEM images of the (b) TiO, nanotube electrode and
(c) LNMO electrode before and after (inset) the electropolymerization process. (d) C-rate performance of the LNMOISPE|TiO, mLB full cell (reproduced/
adapted from ref. 582 with permission from Elsevier, Copyright 2017°%2). () Electrochemical performance of the in situ processed TiO, microelectrode in
the TiO,|SIC-PE|Li cell. (reproduced/adapted from ref. 540 with permission from Elsevier, Copyright 2017°4°).
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The in situ process has the potential to be integrated with
sophisticated printing techniques for the fabrication of both
conventional and customizable LBs. In any printing technique,
a digitally designed pattern is inscribed on a substrate of
interest. The most important prerequisite for successful printing
is a suitable ink with reasonable viscosity characteristics.
Depending on the end-user application, tailor-made inks with
desirable properties can be prepared and used for the printing
process. Once suitable inks are available with electrode and
electrolyte components, sophisticated printing techniques such
as 3D-printing, inkjet printing, laser printing, screen-printing
(stencil printing), spray printing, and so on can be employed for
LB fabrication.*** In this section, a few reports in which the
free-radical polymerization assisted in situ process combined
with advanced printing techniques is used for the fabrication of
customized LBs are included.*®**81°9%5%9 (Considering the
industrial importance, more emphasis is given to 3D-printed
LBs, with few reports on screen-printed and stencil printed LBs.
Soon, more studies on printable LBs are expected to be evolved
by employing suitable printing techniques due to the increased
interest in wearable, portable, and flexible electronics, 10T, etc.

7.2.1 3D-printing and other printing methods integrated
with the in situ process. Low-cost and high-throughput methods
such as 3D-printing can be integrated with the in situ process to
fabricate both conventional and mLBs.**”*1**97%8 3p.printing
(introduced in the 1980s), also called additive manufacturing, is
considered an engineering revolution due to the possibility of
building highly intricate and precise designs and structures,
which is otherwise not possible using conventional techniques
such as casting, molding, machining, etc.>***"" In simple
words, one can design 3D rendered images using computer-
aided design (CAD) or other customized software applications,
which are digitally sliced into 2D cross-sections, and later the
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respective physical objects are fabricated by printing in a layer-
by-layer, point by point, or line by line approach.®®® The major
advantages of 3D-printing include high precision while building
complex objects and architectures, even in ultrathin configurations.
These features are rather important in both microbattery and
microsupercapacitor fabrication processes as the high precision
patterning of interdigitated microelectrodes is often a challenging
task when conventional physical and chemical methods are used.
Besides, 3D-printing is characterized by advantages of low cost, easy
and fast prototyping, accuracy, a wide choice of materials, and
robust opportunities for customized product design such as 3D
scaffolds and fibers.>”®

In the case of 3D-printing, inks and their components are
very important. Different types of inks can be used depending
on the end application, which is often a solution of polymer,
fillers, and additives in a suitable solvent or solvent mixture. In
the context of LPBs, the fillers in the polymeric ink can
be electrode materials and binders, which eventually form a 3D-
printable electrode slurry, which can be used for electrode pattern-
ing. A polymeric ink devoid of any electrode components can be
used for the 3D-printing of polymeric scaffolds and battery cell
components. For the in situ processing of LPBs with a 3D-printing
step, a polymerizable precursor, which is composed of reactive
monomers with the electrolyte components, such as the salt,
solvent, and plasticizers, can be used as the ink. Similarly, a
polymerizable precursor slurry containing reactive monomers
and electrode materials is useful for the patterning of battery
electrodes bound by the formed polymer host. LPBs that are
essentially fabricated by a 3D-printing step involving the
in situ processing of a PE using a precursor (by heat/photo-
polymerization) within the cell assembly can be included in the
category of ‘in situ-processed-3D-printed’ LPBs. The general
representation of the 3D-printing of the electrode and the PE

Fig. 51 Scheme depicting the throughput 3D-printing of the anode, cathode, and PE by the extrusion process through a nozzle followed by subsequent
UV-irradiation in authors imagination for the in situ-processed-3D-printed LPBs.

2770 | Energy Environ. Sci., 2021, 14, 2708-2788
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from a UV-curable electrode slurry and electrolyte ink followed
by concomitant UV irradiation to realize all-3D-printed LPBs
is shown in Fig. 51. Such a method is applicable for the
3D-printing of mLBs as well as conventional LPBs or even
flexible LPBs with complex architectures. Direct ink writing
(DIW), fused deposition modeling (FDM), stereolithography
(SLA), and selective laser sintering (SLS) are a few of the
commonly used 3D-printing techniques employed for both
research and industrial purposes.’”®

For example, in a report from Sun et al., an interdigitated
LFP|LE|LTO mLB is fabricated by precise patterning of poly-
meric inks made of electrode materials dispersed in a solution
composed of ethylene glycol, glycerol, hydroxyethyl cellulose,
and hydroxypropyl cellulose by 3D-printing.’®” However, this
work cannot be considered as an example of in situ-processed-
3D-printed LPBs as an LE is used without the involvement of
the in situ polymerization processing step for the full cell
fabrication. Still, this work opens up the possibility of employing
an additional 3D-printing step for the patterning of a PE in the
space between the already 3D-printed anode and cathode scaf-
folds so that an in situ-processed-3D-printed LPB can be realized.
Herein, the polymeric electrode slurry is used for the patterning
of battery electrodes by 3D-printing. The viscosity of the ink is
tuned such that it can be extruded through a nozzle. Once the
3D-scaffolds of LTO and LFP are patterned by 3D-printing, the
space between the interdigitated electrodes is filled with an
LE (1 M LiClO, in EC:DMC) followed by PMMA-based cell
packaging. The schematic illustration of the patterning of the
3D-microelectrodes (Fig. 52a-d) using the extrusion of polymeric
inks through a 30 pm nozzle, the optical microscopy image of
the nozzle (Fig. 52e), and the SEM image of the patterned
interdigitated architecture (Fig. 52f) are all displayed. The
charge-discharge profiles and the cycling performance of the
LFP|LE|LTO full cell are also presented in Fig. 52g and h, which
exhibited an areal capacity close to 1.5 mA h em™> (1C) while
retaining more than 90% of the initial capacity over 30 cycles.

The 3D-printing of a PE can improve the prospects of mLBs
as reported in the work of Fu et al.®> Herein, the anode and
cathode inks are made by dispersing LTO and LFP nanoparticles,
respectively, in a highly concentrated aqueous solution of
graphene oxide (GO). The photographs of the LTO/GO and
LFP/GO inks loaded in syringes are displayed in Fig. 53a, and
the 3D-printed microelectrode and the interdigitated electrode
assembly are presented in Fig. 53b and c, respectively. Once the
3D-printing of the anode and cathode microelectrodes and their
post-processing for the conversion of GO to reduced GO (rGO)
are carried out, the 3D-printing of the PE in the space between
the interdigitated electrodes can be completed. For this purpose,
a polymeric ink is made, which is composed of PVdF-HFP and
Al,O; nanoparticles in the NMP solvent. The sequential steps
involved in the 3D-printing of the anode, cathode, and polymer
electrolyte are shown in Fig. 53d. Once the polymer host is
3D-printed between the anode and cathode fingers, it can be
activated by the injection of a conventional LE so that the
LFP-rGO|GPE|LTO-rGO mLB full cell is ready for cycling.
Fig. 53e and f present the cycling stability and charge-discharge

This journal is © The Royal Society of Chemistry 2021
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Fig. 52 (a) Glass substrate and the current collector patterned in the

interdigitated configuration; 3D-printing of the (b) LTO anode, (c) LFP
cathode, and (d) PMMA-based cell package; (e) optical microscopy image
of the extrusion of 3D-printable ink through the nozzle; (f) SEM image of
the 3D-printed interdigitated mLB microelectrodes; (g) galvanostatic
charge—discharge profiles of the 3D-printed mLB as a function of
C-rate; and (h) cycling stability profile of the 3D-printed mLB (reproduced/
adapted from ref. 597 with permission from John Wiley and Sons, Copyright
2013%%).

profiles of the 3D-printed full cells, respectively. A digital image
of the 3D-printed microelectrode arrays is also displayed (see
Fig. 53g). Although this work demonstrates the processing of
PE-based mLB cells by 3D-printing of a polymeric solution, the
in situ polymerization process involving the generation of a PE
from a precursor is still missing during the full cell fabrication;
hence, it cannot be considered as a typical example of an in situ-
processed-3D-printed LPB.

In a recent report by Chen et al., the patterning of a UV-curable
electrode slurry and electrolyte inks and fabrication of an mLB by
microstereolithography (WSLA) are reported, which is a perfect
example of an in situ-processed-3D-printed LPB.**” LSLA is a
3D-printing method in which the desired structure is fabricated
layer-by-layer using a photo-polymerization process. In this work,

Energy Environ. Sci., 2021, 14, 2708-2788 | 2771
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Fig. 53

(a) LTO/GO (anode) and LFP/GO (cathode) inks loaded in syringes used for the 3D-printing of mLBs; patterning of the microelectrode (b) and the

interdigitated electrode assembly (c); (d) step-wise 3D-printing of the anode, cathode, and the PE in the space between the anode and cathode fingers;
(e) cycling stability and (f) galvanostatic charge—discharge profiles of the 3D-printed full cell as a function of the number of cycles; and (g) digital image of
the 3D-printed interdigitated microelectrode arrays (reproduced/adapted from ref. 602 with permission from John Wiley and Sons, Copyright 2016%%2).

a UV-curable resin is prepared in a bulk quantity, which is
composed of PEGDA (97 wt%), Irgacure 819 (1 wt%, photo-
initiator), and a photo-absorber Sudan I (2 wt%) dye. The bulk
solution is later mixed with an LE (20 wt%, 1 M LiClO, in EC:PC)
to form the precursor for the GPE. Here, the photo-absorber is
used for tuning the curing depth. The presence of the photo-
absorber is crucial as it can avoid stray light from polymerizing
the precursor providing a maximum resolution for the pSLA
process. Also, the photo-absorber can absorb a certain quantity
of photons and thereby control the polymerization rate, which is
essential in uSLA for achieving ideal patterning.®®* The schematic
representation of the mLB assembly is given in Fig. 54a. The two
trenches separated by the GPE is filled with the anode (LTO) and
cathode (LCO) inks (a slurry made of the respective active
materials dispersed in the UV-curable resin) on UV irradiation
solidify by the cross-linking polymerization process. The SEM
image of the GPE 3D-structure is shown in Fig. 54b and c.
The specific areal discharge capacity of the cell (1.5-4.5 V) is
1.4 pA h cm ™2

Wei et al. also reported an in situ-processed-3D-printed LIPB
cell,*** and demonstrated that 3D-printing in combination with
the in situ process could be extended for the production of LBs

2772 | Energy Environ. Sci., 2021,14, 2708-2788

beyond mLBs. The LTO and LFP inks used in this work are
made in PC solvent in the presence of LiTFSI salt and PVP
binder. The presence of LiTFSI salt in the electrode ink can help
in improving the inter-particle ion diffusion. A UV curable
precursor containing the monomer ETPTA, PC, LiTFSI, Al,O;
nanoparticles, and HMPP is used as the ink for the preparation
of a PCE by the in situ process. For the cell encapsulation, a
packaging ink made of a UV-curable epoxy resin and SiO, is
used. The cell components and the steps involved in layer-by-
layer 3D-printing of the customized LIPB cell are demonstrated
in Fig. 55a and b, respectively. In the first step, the packaging
ink is 3D-printed onto a glassy carbon substrate to form
packaging walls, followed by the UV curing step. Later, the anode
is 3D-printed over the glassy carbon substrate in the space
between the packaging walls. Subsequently, the 3D-printing of
the PCE layer over the anode is achieved by the in situ process.
Later, the cathode ink is 3D-printed over the PCE layer, and the
cell is closed with another glassy carbon lid. In the final step, the
cell encapsulation is completed by the 3D-printing of another
layer of packaging ink over the glassy carbon lid, making the cell
ready to be cycled. The charge-discharge profile of the 3D-printed
LIPB full cell is presented in Fig. 55c, which exhibits an areal

This journal is © The Royal Society of Chemistry 2021
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Fig. 54 3D-printing of an mLB using the pSLA technique. (a) On the left
side, the 3D-mLB architecture is presented where the anode and cathode
trenches are separated by a GPE. The liquid resin used for pSLA patterning
of the GPE contains the methacrylate monomer, electrolyte components,
and an initiator. The assembly process for the mLB (top view) is also
provided. (1) Zig-zag GPE membrane in the center, (2) filling of the UV-
curable anode and cathode slurry in respective trenches, and (3) insertion
of the aluminum current collector. (b) and (c) are the SEM images (top-
view) of the GPE zig-zag structure (reproduced/adapted from ref. 387 with
permission from IOP Publishing, Copyright 2017°%7).
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Fig. 55 (a) The components of the fully 3D-printed customized LIPB. (b)
The illustration of the 3D-printing (direct writing method) of the cell
packaging, anode, PE (denoted as the separator), and cathode inks. For
packaging and PE preparation, followed by the writing step, a UV curing
step is used. (c) Galvanostatic charge—discharge profile of a 3D-printed
LIPB full cell (reproduced/adapted from ref. 414 with permission from
John Wiley and Sons, Copyright 2018*14).
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specific capacity of 4.4 mA h cm ™ (at 0.14 mA cm™ ). In the work
of Yoshima et al., the in situ thermal polymerization approach is
extended to the fabrication of mLB cells with LTO (anode) and
LCO (cathode) electrodes in an interdigitated configuration.*®®
The authors are not claiming this work as an example of
3D-printed mLB fabrication anywhere in the report. However,
the microinjection system with a glass-capillary used for patterning
the microelectrodes is similar to the already discussed 3D-printing
approaches. Once the anode and cathode are assembled in an
interdigitated fashion over the substrate, the precursor consisting
of 1 M LiClO, in EC:DEC in the presence of MMA, EGDMA, and
AIBN is filled in the vacancies and gaps between the anode and
cathode. This is followed by a thermal curing process, which
completes the in situ processing of the mLB. At 25 °C, the cell is
operated between 1.5 and 2.5 V at 2C, and a discharge capacity of
270 pA h em™? is achieved. All the above-discussed studies are
interesting as they systematically demonstrate the possible inte-
gration of 3D-printing technologies and in situ processes, which
opens up new avenues for developing customized LB designs.

Other than 3D-printing, in several reports of Lee et al., the
screen-printing combined with the UV-light assisted in situ
process is used for the fabrication of flexible LPB assemblies.
Herein, one of the screen-printing techniques known as stencil
printing is used, and the new class of printable LIPBs is referred
to as PRISS batteries.*'” Here, the PE layer and the PE
embedded electrode materials are printed on substrates having
complex geometries. Owing to the use of an LE (1 M LiPF, in
EC:PC) and ETPTA monomer, a cross-linked GPE can be
derived by the UV curing process. The PRISS cell fabrication
method is presented in Fig. 56a. In a typical procedure, a
UV-curable slurry of LTO is first prepared in the precursor of
the GPE. This slurry is coated over an aluminum current-
collector, and a GPE embedded LTO anode is formed on UV
curing. Over the anode layer, a PCE (called SCE) layer containing
an Al,O; nanofiller is formed by the in situ process from an
electrolyte precursor. Subsequently, an LFP cathode layer is
formed over the SCE layer by UV curing of a cathode slurry.
Finally, another aluminum current-collector is placed over the
LFP, and the formed LIPB cells (LFP|SCE|LTO) are hence called
PRISS batteries. This work can be considered as an example of
flexible LB fabrication by a multi-layer approach. The cross-
sectional SEM image of the PRISS cell is presented in Fig. 56b,
which clearly depicts the different cell components. At RT, the
PRISS cell displayed a discharge capacity close to 160 mA h g~*
(0.05C) with cycling stability over 30 cycles (90% retention)
(Fig. 56¢). Similarly, photo-rechargeable portable power sources
based on PRISS batteries integrated with miniaturized crystal-
line Si photovoltaics are also reported.®**

Very recently, a screen-printing technique that is similar to
the fabrication of PRISS battery cells is extended to bipolar-
stacked LIPB packs (Fig. 57a).”’® Two types of bipolar-stacked
LIPBs possessing in-series and in-plane configurations are
designed (Fig. 57a). The anode (LTO), cathode (LCO), and PE
are stencil printed in a layer-by-layer manner by using the
UV-curing process. The precursor for the GPE (denoted as
GCE) contains ETPTA and PVdF-co-HFP in the presence of

Energy Environ. Sci., 2021, 14, 2708-2788 | 2773
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(a) Design architecture and fabrication of the PRISS battery cell by the stencil printing technique in combination with the in situ process, and the

composition of the printed electrodes and SCE; (b) the SEM image of the PRISS battery cell (cross-sectional view) depicting the various components such
as the printed anode, cathode, SCE, and current collectors, and their thickness; and (c) the electrochemical performance (galvanostatic charge—
discharge profiles) of the PRISS battery full cell as a function of cycle number (reproduced/adapted from ref. 415 with permission from American

Chemical Society, Copyright 2015%%).

HMPP and LiPF, in a non-flammable solvent called sebaconitrile
(SBN). Depending on the number of cells connected, the bipolar-
stacked LIPBs can have different voltages that vary from 2.4 V
(mono cell) to 4.8 V (two cells), 7.2 V (three cells), and so on. The
galvanostatic charge-discharge profiles of the printed mono cell
and the bipolar-stacked LIPBs that exhibit a specific capacity
close to 120 mA h g~' (0.05C, 25 °C) are shown in Fig. 57b.
Finally, the comparison of the electrochemical performance of
the in-series and in-plane cells is also presented in Fig. 57c. Along
with 3D-printing, screen-printing technology is also envisaged to
be important for customized LB fabrication.

In summary, Section 7 provides an overview of the potential
of the in situ process as a tool to simplify the fabrication of
customized LB designs with tunable electrode|electrolyte inter-
faces and interphases. In the case of mLBs, a conformal coating

2774 | Energy Environ. Sci., 2021, 14, 2708-2788

of the PIS that can ensure effective separation between the
anode and cathode electrodes is indeed necessary. The UV
curing process can ensure very thin PEs possessing thicknesses
between 1 and 3 pum, suitable for mLB fabrication. The in situ
electropolymerization reactions are useful for realizing a thin
PIS-interphase layer protecting the electrodes and for preparing
thin PEs compatible with mLBs. Additionally, 3D-printing is
also emerging as a unique tool to fabricate customized and
geometrically complex LBs, which can be integrated with the
in situ process. The technique is slowly emerging for simplify-
ing the conventional LB processing, and, in the coming years, it
can play a vital role in futuristic EES device fabrication. Apart
from 3D-printing, other printing techniques such as screen-
printing and stencil printing, combined with the in situ process,
are also employed for flexible and customized LPB fabrication.

This journal is © The Royal Society of Chemistry 2021
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Fig. 57 (a) Schematic illustration of the fabrication of a bipolar-stacked LIPB by the stencil printing technique in combination with the in situ process and

the in-series and in-plane configurations; (b) galvanostatic charge—discharge profiles of the single-cell and the bipolar-stacked LIPBs; and
(c) comparison of the electrochemical performance of the in-series and in-plane bipolar-stacked LIPB cells (reproduced/adapted from ref. 416 with

permission from The Royal Society of Chemistry*©).

As explained in PRISS battery cells, the integration of the in situ
process with screen-printing technology can simplify flexible
LIPB and LMPB processing.

8. Conclusion and future perspectives

In this review, we have overviewed the LMPB and LIPB fabrica-
tion methods based on the ex situ or in situ polymerization
processes. The conventional approach of LMPB and LIPB
fabrication using the ex situ processed PE film is tenuous
compared to the in situ process for achieving efficient and
conformal electrode|electrolyte interfaces and interphases
(SEIs and CEIs). Unlike the ex situ process, the in situ process
involves the generation of a PE directly within the cell assembly or
over the composite electrode in line with LPB cell fabrication. The
interfaces and interphases in LPBs can be modified or engineered
through the in situ process by several methods such as free-radical
polymerization, electropolymerization, condensation polymeriza-
tion, or ionic polymerization. Until now, the in situ process has
been used in LPBs to achieve enhancements such as (i) lowering
the charge transfer resistance at the interface, (ii) reducing volume
expansion and pulverization of metal oxide-based electrode
particles during charge-discharge cycling, (iii) improving active
material utilization, (iv) decreasing transition metal dissolution,
(v) thin and separator free electrolyte fabrication for micro-
batteries, (vi) single-step 3D-printing of LPBs, (vii) protection

This journal is © The Royal Society of Chemistry 2021

of the electrode by artificially and sacrificially created conformal
interphase layers, and (viii) multi-layer processing of LIPB and
LMPB cells. Most of the literature reports regarding the in situ
processing of LPBs are focused on GPEs, where the presence of a
liquid constituent may compromise their mechanical stability
and non-flammability, and such shortcomings can only be
addressed through all-solid-state systems, in particular using
SPEs. Hence a more focused approach towards developing
superior SPEs that are in situ processable is necessary for the
realization of industrial-scale production of futuristic LPBs.
Most of the work in the field of LPBs using the in situ
polymerization process is carried out on LFP-based electrodes,
and the voltage range in which these electrolytes are working is
mostly below 4 V. Besides, most of the reported cells have an
areal capacity below 1.0 mA h cm 2. However, futuristic battery
systems are focused on high-voltage cathode materials due to
the demand for high energy and power. Indeed, the recent
trend is to employ nickel- and Li-rich cathode materials (e.g.,
NMC622, NMC 811, NCA, etc.). In all these cases, the critical
factor that limits the compatibility of PEs with high-voltage
cathodes is their low oxidative stability and dendrite resistance
capabilities. In general, high oxidative stability values are
claimed in many literature reports for PEs (>4.5 V vs. Li|Li")
in electrodes such as Pt, stainless steel, and Al. However, when
Ni-, Mn-, or Co-based cathode materials are used, accelerated
oxidative degradation or inferior long-term cyclability is witnessed.
Additionally, the undesirable side reactions at the interfaces

Energy Environ. Sci., 2021, 14, 2708-2788 | 2775
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should be appropriately addressed to achieve the best performance
in high-voltage battery systems. Hence, a real understanding of the
oxidative stability values along with new characterization methods
is required for the further development of PEs that are in situ
processable for high power and energy-dense LMPBs/LIPBs.

To further improve the in situ polymerization process, the
know-how of organic chemistry, polymer chemistry, physical
chemistry, and electrochemistry should contribute equally. This
multi- and inter-disciplinary approach can help in designing new
polymerizable monomers and oligomers, which can ensure a
better chemical and electrochemical stability in their pristine form
and post-polymerized form. Along with the plethora of available
studies on acrylate and methacrylate monomers/oligomers, other
functionalities such as allyl and vinyl should also be investigated in
the in situ free-radical polymerization process. Modification of
acrylate and other monomers with hetero-functionalities (P, Si,
F, etc.) is rarely explored for the in situ process and should be
considered in future works. Besides, recent reports on in situ ionic
polymerization suggest that it can evolve as a competitor to the
free-radical methods. The potential of electropolymerization to
ensure conformal coating of PE layers and artificial interphases
should be exploited well for LIPBs and LMPBs. Especially in
microbatteries, the electropolymerization method can have an
imminent impact since it can effectively control the thickness of
the PE in the nano-structured microelectrodes.

The future of PE-based energy storage is challenging, and we
must address essential concerns such as:

1. Lack of fundamental studies on electrochemical reduction
and oxidation of polymers, salts, and plasticizers to understand
the stability and durability of LMPBs/LIPBs.

a. Investigating LPB cells with areal capacity above
1.0 mA h cm™? and exploring their practicality in high energy
and high power applications.

b. PE-based battery cells need to be investigated using acceler-
ated testing models to understand the degradation processes via
post-mortem analysis; however, present cycling studies are
performed at low C-rates and are time-consuming.

c. The role of conductive carbon as an electrode additive in
PE degradation during long-term cycling must be clarified.
In situ and ex situ analytical tools need to be adapted/developed
to elucidate the degradation mechanism in addition to exploring
alternate conductivity enhancing additives and binders that are
often polymer-based.

2. The behaviors of PEs against thin Li-metal (<50 pm) and
the native oxide layers on Li-metal, which play a vital role
during the charge-discharge cycles or in dendrite resistance,
must be understood. Hence the fundamental understanding of
the interface and interphase with Li-metal will be crucial for the
development of true solid-state LPBs. Besides, the scope of
in situ processing in the context of advanced anode-free LPBs
should also be addressed in future works.

3. The significant concerns related to SPEs are also valid for
GPEs, even though the performance of a GPE in a Li-ion/Li-metal
cell is primarily dominated by the added plasticizer. Hence, the
role of the polymer host and its peculiarities in the electro-
chemical performance are least investigated; however, a detailed

2776 | Energy Environ. Sci., 2021, 14, 2708-2788
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study is necessary to understand the role of individual polymer
hosts that have been employed in GPEs until now.

4. The interface engineering against thick electrodes, parti-
cularly at the cathode of an LMPB (both the anode and the
cathode in the case of an LIPB), might be extensively influenced
by the in situ and ex situ process; hence, a detailed investigation
is necessary to understand the reactions taking place at the
interface as the maximum surface of the active materials is
exposed to the PEs due to the in situ process. Thus, new
approaches and engineering strategies must be developed.

5. Controlling the electrical and ionic conduction in composite
electrodes, and the ion and current flux at the Li-metal anode of an
LMPB is required to avoid HSAL growth.

6. The approaches that are yet to be widely incorporated in
PE research are:

a. Design and use of new polymer architectures and plasticizer
chemistries to stabilize the PE during the continuous redox
processes occurring at the electrodes.

b. A tailor-made passivation layer at the anode and cathode,
and the engineering of artificial SEIs and CEIs should be encour-
aged in LPBs. The use of separately engineered and integrated
passivation layers, followed by multi-layer cell assembly processes,
should be adopted. The in situ polymerization process is a suitable
candidate for the fabrication of such LPBs with enhanced safety,
design flexibility, easy and fast cell fabrication, targeted interphase
tuning, etc.

c. In situ processing should be integrated with other physical
and chemical techniques for electrode protection. For instance,
either coated metal oxide particles as active materials (e.g,
Al,O;3 coated NMC) or composite electrode films with a protec-
tion layer (by AlP,Oy, ZnO, Al,O;, etc.) made of atomic layer
deposition (ALD), chemical vapor deposition (CVD), or other
physical or chemical methods must be investigated.

Hence the challenges are enormous even if the in situ poly-
merization process is successfully implemented in the lab-scale
for LPB fabrication. A broad spectrum of materials, processing
methods, and engineering adaptations should be developed so
that large-scale LPBs can be realized by using the in situ
process. Apart from LPBs, in recent times, the in situ process
has found applications in the fabrication of other electrochemical
energy devices such as supercapacitors, solar cells, fuel cells, and
Li-free alternate batteries. All the limitations regarding the electro-
de|electrolyte interfaces and interphases in LBs also recur for most
of these devices. In this aspect, the applicability of the in situ process
is vast and further optimization and focus are necessary to
adopt an industrial-scale strategy for large-scale battery manu-
facturing. Hence, the realization of the in situ processable PEs
with the requisite characteristics will enable upcoming energy
storage devices to be affordable, upscalable, energy-dense,
durable, and safe, which will revolutionize the global energy
landscape.
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