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Preface

Isidora Cekic-Laskovic' and Martin Winter!

Electrochemical energy storage in batteries has been recognized as the most
promising technology for portable electronics as well as stationary and
(auto-)motive applications. Although often perceived and applied as a simple
electrochemical device, batteries are inherently complex and dynamic systems.
Existing technologies still face performance and cost challenges, including barriers
in specific energy, energy density, service life and energy efficiency at high rates.
A proper selection of a battery system involves comparison with a set of goals,
which pull in different directions, but need to be fulfilled simultaneously. The
energy and power performance goals need to be well-balanced against the goals of
long life and safety. The overall performance of battery cells is limited by the
fundamental behavior of the used materials, including electrode active materials,
electrolytes, separators and other supporting components. In addition, successful
operation of batteries relies significantly on a series of interrelated mechanisms,
some involving instability of the constituting components induced by charge/
discharge cycles and some also encompassing formation/reaction of metastable
phases. With this in line, the ability to achieve long-term stability requires careful
elucidation of the physical and chemical processes governing charge/discharge
cycling and storage. The key performance requirements of a battery for different
applications might look very similar at first sight, however, each application calls
for different requirement prioritization. Frequently, they conflict with one another
and call for inevitable trade-offs. The objective of advanced battery research and
development relates to obtaining the best compromise among the goals, followed by
a decision whether the balanced system should be implemented instead of a
competing technology.
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viii Preface

This topical collection is devoted to research and development stages of four
different battery systems, namely lithium ion battery, non-aqueous non-alkali
metal/air battery, metal/sulfur battery and organic radical battery, highlighting main
advantages and limitations thereof. In this spirit, the topical collection comprises
contributions from five research teams, connected by a unifying theme of batteries
as advanced electrochemical energy storage systems. Each contribution provides a
profound example of a given battery chemistry, its performance suitable for specific
application and main remaining challenges still left unresolved.

The first contribution on specific aspects of non-aqueous electrolytes for lithium
ion batteries (LIBs), highlights chemical and synergistic effects of blended
electrolyte components (conducting salts, solvents/co-solvents and functional
additives) and their relevant structural, physicochemical, electrochemical as well as
safety properties tailoring the advanced performance of a battery through the ability
of blended components to compensate/eliminate for each other’s disadvantages.

In the second contribution, Friebe and Schubert comprehensively review organic

radical batteries (ORBs), considered to be a high-power alternative to the benchmark
Li-ion battery systems. In respect to materials developed so far, key properties,
significant characteristics, housing approaches and applied additives, not neglecting
the main drawbacks and limitations of these environmentally friendly energy
storage systems of similar or higher charge capacity and similar or shorter charge
time compared to LIB counterparts have been collected in this chapter.
Medenbach and Adelhelm set the focus on the complex electrochemistry of sulfur,
different strategies enabling alternative lithium-, sodium-, potassium- and magnesium/
sulfur cell concepts for energy storage applications and limitations hindering the
further development and commercialization progress.

Ein-Eli and co-workers critically discuss main challenges and concerns hindering
the scientific advance in the leading non-aqueous non-alkali (NANA) metal/air
batteries, namely magnesium/air, aluminum/air, silicon/air and all-solid-state metal/
air battery systems, pointing out to possible directions towards desired improvements
that will positively affect the overall performance of these systems.

In the last contribution, Kleiner and Ehrenberg highlight the challenges and
limitations related to the degradation processes of active and inactive components in
commercial lithium ion batteries systems, stressing out the significance for
understanding and evaluating the main factors, parameters and operation conditions
leading to overall performance drop and increased safety risks.

It is our anticipation that this fine selection and collection of manuscripts will be
a valuable resource for Topics in Current Chemistry Collections readers and will
encourage further research into the promising field of advanced rechargeable
batteries for diverse application possibilities. We would like to thank all who kindly
contributed their manuscripts for this topical collection, Prof. Riidiger A. Eichel for
the selection and invitation of authors and the editorial office as well as the
publishing and production teams of Topics in Current Chemistry for their assistance
in the preparation and publishing processes.



Top Curr Chem (Z) (2017) 375:37 )
DOI 10.1007/541061-017-0125-8 sk

REVIEW

Synergistic Effect of Blended Components
in Nonaqueous Electrolytes for Lithium Ion Batteries

Isidora Cekic-Laskovic' - Natascha von Aspern' «
Laura Imholt' - Serife Kaymaksiz' + Kristina Oldiges’
Babak Razaei Rad' - Martin Winter'”

Received: 29 November 2016/ Accepted: 21 February 2017/ Published online: 15 March 2017
© Springer International Publishing Switzerland 2017

Abstract Application of different electrolyte components as blends in nonaqueous
electrolyte formulations represents a viable approach towards improving the overall
performance and reliability of a lithium ion battery cell. By combining the
advantages of different electrolyte constituents, cell chemistry can be optimized and
tailored for a specific purpose. In this paper, the current progress on possibilities,
advantages, as well as limitations of blended nonaqueous electrolyte formulations,
including solvent, salt and additive blends is reviewed and discussed. Emphasis is
set on the physicochemical, electrochemical, and safety aspects. In addition, the aim
of this review is to provide perspective and possible strategy for further and future
development of blended nonaqueous electrolytes with long life, high energy density,
high power, and adequate safety at competitive manufacturing costs. The provided
overview and perspective on blended nonaqueous electrolyte formulations should
encourage researchers to proceed with further and deeper investigations in this
promising field of advanced batteries.

Keywords Blends - Synergistic effect - Nonaqueous electrolytes - Electrolyte
solvent - Conducting salt - Additive
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1 Introduction

Among a wide variety of different storage technologies for electric energy,
electrochemical energy storage in batteries was recognized as the most promising
for portable electronics, stationary and (auto-)motive applications [1]. Thanks to the
high energy efficiency [2, 3] and outstanding scalability, batteries are key elements
in all energy scenarios nowadays. Twenty-five years after the commercialization by
Sony Corporation, lithium ion batteries (LIBs) have significantly improved in
performance, reliability, as well as safety, thus representing an accustomed part of
our everyday life [4].

The key performance requirements of a battery cell for different applications
might look very similar at first sight; however, each application has different
performance requirement priorities. The cycle life of a rechargeable battery cell is
strongly influenced by the long-term reversibility of the redox reactions represented
by the cell chemistry. The crucial factor maintaining this reversibility is related to
chemical as well as electrochemical stability of the used electrolyte formulation.
The nonaqueous electrolyte is the key component for the development of novel and
improved cell chemistries, custom-tailored for the specific application. One of the
crucial points for next-generation lithium batteries is associated with the develop-
ment of high-performance electrolyte components, namely solvents, conducting
salts, and additives in replacing the current state-of-the-art (SOTA) organic
carbonate solvent-based [5] electrolyte formulations with lithium hexafluorophos-
phate (LiPF¢) as conducting salt [6]. These novel and improved electrolyte
formulations should assure high ionic conductivity as well as high thermal and
electrochemical stability, long-term stability vs. anode and cathode over a wide state
of charge (SoC) range and lead to formation of effective solid electrolyte
interphases (SEI) [7] and cathode electrolyte interphases (CEI). At the same time,
the aforementioned (ideal) electrolyte components should be non-flammable,
nontoxic and environmentally friendly (Fig. 1).

Lithium salt Additive
A 1 P
Physical properties Elct:::;)ciei:l;ical
Power

Energy - Lifetime Safety Costs
(Temperature) a
1 J
T

Multi Component
System

L 4 4

1

Design of new, improved electrolyte formulations

Fig. 1 Nonaqueous electrolyte as core and key component of a lithium ion battery (LIB) cell
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One way in improving the SOTA nonaqueous electrolyte formulations is to
synthesize and thoroughly characterize new electrolyte components to determine
their physicochemical properties and electrochemical behavior. With this in line, the
focus of many research activities is set on development of new electrolyte
formulations through new solvents, new salts, or on modifying conventional
systems with adequate electrolyte additives. However, functionalities with the
beneficial impact on the cell performance are usually obtained at the cost of other
characteristics. For this reason, blends containing at least two chemical substances
with different molecular structures of the same electrolyte component (solvent, salt,
and additive) can be used.

The utilization of blended component electrolytes represents an alternative
approach towards maximizing the performance of lithium ion cells by combining
the advantages of each constituent. The synergy between two or more different
solvents, conductive salts or various additives, as a blend in an electrolyte
formulation, has the potential to significantly contribute to the desired advance-
ments of the lithium ion technology. In this regard, blends of electrolyte components
selected in adequate amounts, perform complementary functions to each other. By
definition, a synergistic effect arises from the interaction between two or more
substances, agents, entities or factors that produces an effect greater than the sum of
the individual ones. Taking the term synergy as a word to its roots, “syn” has the
meaning of together whereas “ergon” means work. A strong synergistic effect of
properly selected components may have a positive outcome on the overall
performance, as blending of ‘right’ electrolyte components enhances the physic-
ochemical, thermal, as well as electrochemical properties of all of them. In this
regard, a mixture of high dielectric solvents (HDS—solvate ions and favor salt
dissociation, but highly viscous) and a low viscosity (LVS—facilitate ion transport,
low permittivity) solvents used in common SOTA electrolytes is a well-known
example of the synergistic effect influencing the ionic conductivity of the
electrolyte. This important measure of the conductivity through ionic charge
carriers, which determines internal resistance and electrochemical behavior of the
cell, is dependent on the nature as well as on the ratio of the solvents in the
electrolyte system. In order to reach the maximum ionic conductivity, an optimum
HDS + LVS composition has to be identified (Fig. 2a). Beside properly selected
solvent mixture in an electrolyte formulation, a Li salt (LiX) concentration plays an
important role in maximizing the ionic conductivity. As depicted in Fig. 2b, at low
salt concentrations, which is in solvent excess, the number of ions as charge carriers
will be low. However, it will consequently increase with the increase of salt
concentration until reaching a maximum at certain point. The location of this
conductivity maximum is dependent on the dielectric constant of the solvent(s) used
in the electrolyte as well as the temperature. In solvent-mixed electrolytes
containing solvent with high dielectric constant or at higher temperatures at which
electrolyte viscosity is decreased, the conductivity maximum will be shifted to
higher LiX concentrations. After passing through a conductivity maximum, the
number of free charge carriers as well as the ionic mobility will decrease with
further increase of the LiX concentration, due to the intense ion pair formation and

Reprinted from the journal 3 @ Springer



Top Curr Chem (Z) (2017) 375:37

(a) Conductivity Max. (b)
3 Conductivity M
Py j A onductivity Max.
) 2 \I,ack of free charge
£ 5 carriers (ions), due to
5 8 - M
51 Hich viscosi S ion pair formation +
2 oh viso e a5 -
3 1gh li‘:v"?"W- Low viscosity, 2 - viscosity increase
E |[— o -
-] B ion pair —* &) Salt excess!
= dissociation formation
Lack of charge carriers (ions).
/5(11\ ent excess!
T T T »
50 100 ¥ . =

LVS concentration / vol% — 09— & 0
#———————————— HDS concentration / vol.%

Crix
~IM electrolyte salt concentation

Fig. 2 Tonic conductivity dependency on concentration of a HDS and LVS in mixed electrolyte solution
and b lithium salt [8]

higher viscosity of the electrolyte formulation. At very high LiX concentrations, the
salt may even precipitate.

This survey aims to highlight the opportunities and perspectives of nonaqueous
electrolyte formulations containing different classes of solvents, salts and additives
as blends in LIB cells, without neglecting their limitations.

2 Solvent Blends in Nonaqueous Electrolytes

Despite the fact that the organic carbonate-based nonaqueous electrolyte is the most
suitable choice for graphite-based LIBs due to formation of an effective SEI layer
on the graphite surface, the safety problems at only moderately elevated
temperatures (>40 °C) are a matter of concern for industry as well as for consumers
[9, 10]. Furthermore, the electrochemical stability of the SOTA organic carbonate
solvent-based electrolyte limits the high-voltage operation, required for high-energy
LIBs in electric vehicles to extend energy density and driving range. Thus, there is
an unmet need for development of alternative electrolyte formulations with higher
electrochemical stabilities and improved safety properties [11]. A possible solution
for substituting carbonate-based solvents refers to selection of other classes of
compounds. Among them, nitriles and ionic liquids (ILs), showed significant
potential due to their thermal stability over a broad temperature range, wide
electrochemical stability window (ESW) and in case of the ILs and many (but not
all) nitriles, negligible vapor pressure [12—17]. In recent years, mono- and dinitriles
received considerable attention as promising solvents for LIB electrolytes [18, 19].
Due to the high thermal and good anodic stabilities, especially in domain of high-
voltage operation, special focus was set on dinitriles, such as glutaronitrile (GLN),
adiponitrile (ADN), or sebaconitrile (SEN). The importance of the solvent flash
point was emphasized by Wrodnigg et al. [20] as early as 1999. Abu-Lebdeh et al.
[15, 16] and Nagahama et al. [17] proposed GLN, ADN, and SEN as possible
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solvents for electrolytes in LIBs. Among them, GLN and ADN were recognized as
the most attractive candidates owing to the highest values of boiling and flash
points, highest dielectric constants and lowest viscosities. However, nitriles as in
single solvent electrolytes resulted in a low ionic conductivity (3.6 mS cm™' for
GLN and 1.8 mS cm™"' for ADN at 25 °C) and are incompatible with graphite, as
shown by Li et al. [21]. Abu-Lebdeh et al. [15] revealed that ADN as single solvent,
either with lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) alone or together
with the SEI-promoting additive, lithium bis(oxalato)borate (LiBOB), led to only
limited capacities in graphite/LiCoO, (LCO) full cells. Moreover, the melting points
were too high for battery applications. The drawbacks of using nitriles as single
solvents in LIB cells clearly indicated that for better battery performance, blending
is required. Besides nitriles, systematic research on the application of ILs as
electrolyte solvents in energy storage devices was increased in recent years. The
most popular cations of room temperature ionic liquids (RTILs) are quaternary
ammonium-based such as tetraalkylammonium, aromatic cyclic amines (pyri-
dinium, imidazolium) and saturated cyclic amines (pyrrolidinium, piperidinium),
whereas the most used counter anions refer to non-coordinating anions such as
[B(CN),], bis(trifluoromethylsulfonyl)imide (TFSI) and bis(fluorosulfonyl)imide
(FSI)—very large anions with small charge to radius ratios. This leads to weaker
electrostatic bonding between cation and anion as well as to lower melting points.
Low lithium ion mobility, which is a direct consequence of the higher viscosity of
RTILs, is in fact, one of the main obstacles in performance of LIBs using RTIL-
based electrolytes [22, 23].

2.1 Nitrile-Based and Ionic Liquid-Based Solvent Blends
2.1.1 Aim of Solvent Blending

As listed in Table 1, the melting points of the dinitriles CN(CH,),,CN with n = 2, 3,
4, 8 follow no regularity and the values for succinonitrile (SCN), ADN and SEN are

Table 1 Melting and flash point values of selected dinitriles CN(CH,),CN with n = 2, 3, 4, 8

Name CN(CH,),CN  Structural formula Melting Flash
n= point (°C)  point (°C)

Succinonitrile 2 N 50-54 [23] 113 [23]

Glutaronitrile 3 N —29[22] 113 [22]
Z 5

Adiponitrile 4 N 1-3 [21] 163 [21]

Sebaconitrile 8 N 7-8 [24] >113 [24]

Reprinted from the journal 5 @ Springer
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in the positive range, limiting their performance at low temperatures. For this
reason, blending nitriles with other solvents enables the utilization of nitriles for
LIB application.

Ethylene carbonate (EC), a cyclic carbonate which is present in conventional
carbonate-based electrolytes in LIBs, has a high melting point (35-38 °C [25]) and
can therefore not be used as single solvent at room temperature. Blending of EC and
nitrile led to a binary eutectic blend with a lower melting point [ &% —60 °C for EC/
acetonitrile (ACN)] [26]. It is well known that the linear carbonates, e.g., dimethyl
carbonate (DMC) and EC also form an eutectic blend with a lower melting point
[27]. The addition of a nitrile to the carbonate blend generates a ternary eutectic
blend. Based on the EC/DMC/ACN blends, Cho et al. showed that by using
~ 60 vol% ACN and x40 vol% EC or EC/DMC (1:1 v/v), the eutectic point can be
attained [26]. Moreover, the eutectic point at & —60 °C could be reached with a
binary or a ternary blend. The phase diagram, shown in Fig. 3c, was generated by
plotting the temperatures of the endothermic peaks versus volume fraction of EC/
DMC obtained from the differential scanning calorimetry (DSC) thermograms
(Fig. 3a, b).

A single solvent nitrile system most often fails to fulfill major demands for the
commercial applications. An exception was constituted by a single-solvent
electrolyte based on cyanoesters which combined adequate electrochemical
performance with improved safety [28]. Nevertheless, blending of several solvents
brings multifunctional solution to electrolyte formulation. Nitriles have high boiling
and flash points, whereas conventional carbonate-based solvents suffer from
relatively lower boiling and flash points; thus their high flammability is an issue,
which endangers safe operation of a LIB. For this reason, blending represents a
promising way to improve the safety of nonaqueous electrolyte formulations.
Additionally, a solvent blend containing nitrile and carbonate has a reduced
viscosity due to the low viscosities of nitriles. In such solvent blend, carbonates take

(a) (b)
e (c)
————] vV 40 EC/DMC/An
—Y __—\[_\/_
——— | N~ 20
; \E’/. [— > S 0
g f Wi 2 ?
H T~~~ O 2 EC
= -
g Q? 05 _—
¢
-60
Erldothenmc An .80 An+EC+DMC
- - v . -100 T r - -
80 60 40 -40 -20 0 20 0.0 02 04 06 0.8 1.0
Temperature (°C) An Xep ED = EC/DMC

Fig. 3 Thermograms for ACN/EC/DMC solvent blends measured by DSC. Endothermic heat flow is
downward (a, b). Heat flow was normalized in b to clarify the peaks. ¢ Resulting phase diagram,
ED = EC/DMC (1:1 v/v). Xgp = volume fraction of ED. Reprinted from Ref. [26]. Copyright (2014)
with permission of Royal Society of Chemistry

@ Springer 6 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:37

+/\/\
“TONA SN
LN Q
o..0%.0
N7 0,0 Q\,/O

F3C/ \N/ \CF3 AON -ON
- F,C7 7 N” 7 CF,

EMIm-TFSI Pyr14-TFSI

Scheme 1 Molecular structures of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIm-TFSI) and N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr;4-TFSI)

over the task related to the formation of an effective SEI and make the electrolyte
more conductive. This leads to an assumption that nitriles and carbonates
complement each other, thus resulting in a better electrochemical performance.

To clarify the effect of RTILs on the safety of LIBs, Guerfi et al. investigated the
flammability of RTILs and carbonate solvent blends [29]. They prepared several
electrolyte blends of the IL I-ethyl-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide (EMIm-TFSI, Scheme 1) and 1 M LiPFg in EC/diethyl carbonate
(DEC) (1:1 by wt.) containing 2% vinylene carbonate (VC), with different
concentrations of RTIL. The electrolyte with 100% organic carbonate started to
burn in the first second of ignition, whereas in pure RTIL, no combustion occurred
even after 20 s of flame exposure. The flame exposure time was increased with
addition of EMIm-TFSI to the carbonate-based electrolyte. The flammability of the
blended electrolyte was prevented by addition of 40% or more EMIm-TFSI. An
optimum composition for better battery performance (low viscosity and high
conductivity) and higher safety (no flammability) was proposed with 40-60%
EMIm-TFSI.

Arbizzani et al. carried out flammability studies in blends composed of 1 M
LiPFgs in EC/DMC (1:1 by wt.) as carbonate-based electrolyte and various
concentrations of the N-butyl-N-methylpyrrolidinium bis(trifluoromethylsul-
fonyl)imide (Pyr 4-TFSI, Scheme 1) with a slightly different setup (Fig. 2) [30].
A glass fiber mat (Whatman, GF/F) was soaked with the investigated electrolyte
blends and exposed to the flame placed at a distance of 123 mm from the top of the
burner tube so that the ignition was only due to the temperature increase. The flame
was turned on for 5 s.

Each sample was measured six times and the average value (& 10% error) of the
self-extinguishing time (SET) was used. Table 2 lists the reproducibility data of the
ignition occurrence as an indication of the flame inhibition effect of different
electrolyte blends. At least 30 wt% RTIL should be added to a carbonate-based
electrolyte in order to observe the flame-inhibition effect. With addition of more
than 50 wt%, the tendency to ignite was significantly reduced. Considering the

Reprinted from the journal 7 @ Springer
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Table 2 Ignition occurrence

- .
and the mean values of the SET Pyr4-TFSI (wt%) Ignition occurrence SET (s g™ )
of several blends of 1 M LiPFg
in EC/DMC (I:1 by wt) and ~ © 6/6 55
Pyr,,4-TESL Reprinted from Ref. 10 6/6 67
[30]. Copyright (2011) with 30 4/6 109
permission of Elsevier 50 2”6 15

70 2/6 127

100 0/6 -

major safety problems of carbonate-based electrolytes as well as certain unfavorable
physicochemical properties (melting point and viscosity) of single solvent
electrolytes containing nitriles and RTILs, blending of carbonate solvents with
nitriles or RTILs could be a solution to overcome afore-described drawbacks.

2.2 Effect of Blending on Physicochemical Features

In order to formulate an electrolyte with a higher flash point and at least steady
electrochemical performance, Isken et al. [31] mixed EC with ADN in 1:1 (by wt.)
ratio. The flash point of this blend was found to be more than 110 °C higher than
blends of EC with a linear carbonate like DMC or DEC. Furthermore, the vapor
pressure of such blend is much lower and has a positive effect on the safety of cells.

Duncan et al. [32] revealed viscosity values of 1 M LiTFSI in pure dinitrile to be
much higher than in the binary solvents EC/dinitrile (1:1 v/v) at room temperature.
Due to the fact that LiBOB as co-salt leads to very good cycling performance, the
authors used the ternary solvent blend containing EC/DMC/dinitrile (1:1:2 v/v/v) in
combination with a salt blend [1 M lithium tetrafluoroborate (LiBF;) + 0.1 M
LiBOB] to obtain the lowest viscosities (Fig. 4).
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Fig. 4 Viscosity (left) and conductivity (right) values of 1 M LiTFSI in pure dinitrile (black filled
square), 1 M LiTFSI in EC/dinitrile (1:1 v/v) (blue filled triangle) and 1 M LiBF,, 0.1 M LiBOB in EC/
DMC/dinitrile (1:1:2 v/v/v) (red filled square) at room temperature. Dinitriles with different chain
lengths: NC-(CH,),-CN with n = 3-8. Reprinted from Ref. [32]. Copyright (2013) with permission of
ECS
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It became apparent that a longer alkyl chain of the dinitrile gives rise to a higher
viscosity of the electrolyte. The longer alkyl chain is related to a bigger molecular
size, which leads to decreased mobility and conductivity. The electrolytes
containing 1 M LiTFSI in a single dinitrile (NC-(CH,),-CN with n = 3-8) showed
the lowest conductivities whereas the investigated EC/dinitrile blends with 1 M
LiTFSI revealed the highest conductivities. Furthermore, the conductivities of the
electrolytes with binary solvent blends were higher than those with ternary solvent
blends (1 M LiBF, + 0.1 M LiBOB in EC/DMC/dinitrile), although the last-named
had the lowest viscosities. The reason behind this is associated with the fact that the
ternary blend has a lower dielectric constant than the binary blend; and LiBF,, as a
different conducting salt, has a lower dissociation constant. As a result of weak salt
dissociation, the ionic conductivity of the electrolyte significantly decreased.

Abu-Lebdeh et al. [16] showed that addition of EC to GLN led to an increase in
conductivity and to a decrease in viscosity. The temperature dependence as well as
the dependence on the salt concentration of LiTFSI was found to be similar for both
electrolytes. Increase in temperature resulted in higher conductivity values. At room
temperature, the highest conductivity was reached with a 1 M solution of LiTFSI in
EC/GLN (1:1 v/v) amounting to 4.9 mS cm™"'. Higher concentrations caused lower
conductivities, most probably due to ion pairing or increased viscosity.

Isken et al. [31] revealed that a blend of 0.9 M LiBF, in EC/ADN (1:1 by wt.)
showed better conductivities at room temperature compared to the 1 M LiBF, in
EC/DEC (3:7 by wt.) electrolyte.

MacFarlane et al. [33] introduced pyrrolidinium-saturated cations with higher
cathodic stability on the graphite electrode as well as better interfacial behavior on
lithium metal anodes. However, compared to imidazolium-based ILs, conductivity
values were lower and viscosities higher. IL blends of electrolytes with carbonate-
based solvents can tune the physicochemical and electrochemical properties of
different types of RTILs to achieve better performance in the cell. The carbonate
solvents could improve the SEI formation capability of the blended electrolytes and
in the same time increase the conductivity. Many groups investigated the
improvements in conductivity of solvent blended electrolytes and the obtained
results pointed out the positive effect of carbonate solvents on reducing the
viscosities and improving the conductivities [29, 34].

Thermal stability of the nonaqueous electrolytes is the key to better performance
of the battery cell as internal heat is always produced during charge and discharge.
As mentioned above, SOTA electrolytes suffer from low thermal stability of LiPFg
and organic carbonate-based solvents. The thermal decomposition of organic
electrolytes as well as blended electrolytes with RTILs was investigated by many
groups [29, 30, 35-37]. The general conclusion of these investigations was that the
addition of RTILs to the carbonate-based electrolytes have positive effects on the
thermal stability of electrolyte blends, but the presence of the RTIL cannot stop the
thermal decomposition of LiPFg and the carbonate molecules. Guerfi et al.
investigated the thermal stability of the pure solvent and solvent blended
electrolytes by means of thermogravimetric analysis (TGA) as depicted in Fig. 5
[29].
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Fig. 5 Thermogravimetric 120 s
analysis of 1 M LiPF¢ in EC/

DEC and 2% VC with different

EMIm-TFSI ratios. Reprinted 100 |
from Ref. [29]. Copyright

(2010) with permission of
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The pure RTIL showed less than 3% weight loss up to 350 °C. In contrast, 30%
weight loss was observed in case of the carbonate-based electrolyte using LiPFg as
conducting salt, when the temperature was raised up to 100 °C and furthermore
about 80% loss at 160 °C. Although the addition of RTILs enhanced the thermal
stability of the solvent blended electrolytes, the thermal stability in the temperature
range from 25 to 100 °C was not improved.

Arbizzani et al. investigated the thermal decomposition of blended electrolytes
under N, and N,/O, atmosphere, the latter to simulate air conditions (Fig. 6) [30].
The influence of the atmosphere was found to be negligible. Furthermore, it was
shown that DMC and EC evaporated sequentially based on their boiling points (89
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Fig. 6 TGA curves of a 1 M LiPFg in EC/DMC (1:1 by wt.) and Pyr;4-TFSI solutions with different
wt% of Pyr;4-TFSI under N, atmosphere and b 1 M LiPF4 in EC/DMC (1:1 by wt.), Pyr;4-TFSI and a
solution with 10% Pyr;4-TFSI under N,/O,; for comparison the curve of Pyr;4-TFSI under N, atmosphere
(dotted line) is also reported. Reprinted from Ref. [30]. Copyright (2011) with permission of Elsevier
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Scheme 2 Ether—ether and ether—siloxane ILs [41]

and 260 °C) and the thermal decomposition of LiPFg in electrolyte solution starting
at temperatures below 107 °C [38-40].

Chavan et al. investigated thermal decomposition of two newly synthesized
RTILs (Scheme 2) and their blends with propylene carbonate (PC, 55 mol%) in
electrolyte containing 1 M LiTFSI as conductive salt [41].

Both, pure ILs and ILs in combination with LiTFSI lost 90% of weight in the
temperature range from 350 to 530 °C. The IL + PC solvent blended electrolytes
with LiTFSI showed two major weight loss steps at ~246 °C (15% weight loss),
which could be due to decomposition of the PC component, and at 350 °C with
75% weight loss originating from IL decomposition. The addition of LiTFSI to
blends of PC and investigated ILs led to the improvement of thermal stability of
ether—ether IL 4+ PC blends (from 110 to 150 °C, Fig. 7a) and for ether—siloxane
IL + PC blends (from 100 to 130 °C, Fig. 7b). Similar improvements resulted
from addition of LiTFSI to ILs (309-355 °C for ether—ether IL and 307-329 °C
for ether—siloxane IL). Chavan et al. additionally showed that an ether—ether
substituent IL has a higher thermal stability than an ether—siloxane IL under
similar conditions.
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Fig. 7 TGA analysis of a ether—ether IL; b ether—siloxane IL. Redrawn from Ref. [41]. Copyright (2016)
with permission of Royal Society of Chemistry
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2.3 Effect of Blending on Electrochemical Performance
2.3.1 Cycling Performance and Electrochemical Stability

Aliphatic nitriles are known for their incompatibility with the graphite anode, as
they are not able to form an effective SEI. Abu-Lebdeh et al. suggested that graphite
can only be stabilized vs. nitriles by using a blend with SEI forming components
(solvents and salts) and proposed to mix ADN and EC together with 1 M
LiTFSI 4 0.1 M LiBOB salt blend, as the solvent blend only is not sufficient to
insure good electrochemical performance [15]. LiBOB is known as a very strong
SEI-promoting electrolyte component [42]. ADN and EC decompose at 0.4 and
0.7 V vs. Li/Li" respectively, whereas BOB~ reduction occurs at more positive
potentials (1.5 V vs. Li/Li"), thus stabilizing the surface of the graphitic structure.
Xu et al. reported that the presence of EC and LiBOB influences the formation of an
effective SEI [42]. With this in line, the authors investigated electrochemical
performance of EC/ADN blends (1:1 v/v) compared to pure ADN in the presence of
1 M LiTFSI as conducting salt. Cycling results obtained in graphite/LCO full cells
at a C-rate of C/12 showed much higher initial capacity for the EC/ADN blends (1:1
v/v). Using 0.1 M LiBOB as co-salt reduced the capacity fading. The blend of 1 M
LiTFSI, 0.1 M LiBOB in EC/ADN (1:1 v/v) showed the best cycling performance
with an initial specific discharge capacity of 108 mAh/g and a capacity retention of
90% after 50 cycles (Fig. 8). The reductive decomposition of ADN on graphite was
prevented by the synergistic effect between EC, BOB™ and TFSI™ anions resulting
in an effective SEI formation [15].

Isken et al. revealed that an EC/ADN (1:1 by wt.) solvent blend containing 0.9 M
LiBF, shows good cycling performance without considerable capacity fading [31].
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Fig. 8 Effect of electrolyte components on cycling performance of ADN-based electrolytes at C/12 in
graphite/LCO full cells. Redrawn from Ref. [15]. Copyright (2009) with permission of Elsevier
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Graphite/Li half-cells showed almost the theoretical capacity, even at high C-rate (5
C). After 50 cycles, the capacity was still more than 98% of the initial value. In case
of LiNiMnCoO, (NMC)/Li half-cells, a capacity retention of 97% was obtained
after 50 cycles. The anodic stability of the EC/ADN blend (6.4 V vs. Li/Li") was
0.3 V higher than that of the standard electrolyte 1 M LiPFs in EC/DEC (3:7 by wt.)
(6.1 V vs. Li/Li*), which better enables the use of high-voltage electrodes. The
standard electrolyte showed =~0.2 V higher cathodic stability compared to the
dinitrile blend. However, this might be attributed to an additional reduction process
that gives rise to passivation of the platinum (Pt) working electrode. The addition of
a third solvent, a linear carbonate, such as DMC or ethyl methyl carbonate (EMC),
to the binary blend could also have a significant impact on the electrochemical
performance of the electrolyte. Duncan et al. disclosed that LiNigsMn; 5Oy
(LMNO)/Li half-cells operate only when DMC as third solvent, LiBF, as salt and
LiBOB as co-salt are used [32]. Furthermore, they indicated that higher capacities
could be reached with shorter alkane dinitriles such as ADN than with longer alkane
dinitriles such as SEN. Nevertheless, all investigated electrolyte blends showed
similar capacity fading.

Nagahama et al. [17] investigated ternary blends consisting of 1 M LiBF, in EC/
DMC/SEN (1:1:2 v/v/v). They showed that the ternary blend has unique features
such as a wide electrochemical stability window of ~6 V (0.5-6.5 V vs. Li/Li*)
and a good electrochemical compatibility with Li4TisO;, (LTO), LiMn,0O4 (LMO),
LiCoPO, (LCP) and LiFePO, (LFP).

Over the last decade, electrochemical properties of ILs were investigated by
many groups [33, 34, 43—45]. Most of the imidazolium-based ILs suffer from a
narrow ESW, which results in a poor cycling performance of the cell. This is due to
low cathodic stability, which makes this type of RTILs inappropriate for
applications in graphite-based lithium ion systems and to the formation of an
ineffective SEI layer on the graphite surface, which results in the phenomenon of
solvent intercalation and resulting into exfoliation, i.e., severe damage to graphite
anodes by shedding of graphene layers or graphene layer packages [46]. However,
imidazolium-based ILs have lower viscosities and higher conductivities as effect of
the charge delocalization in the cations. Most importantly, the electrochemical
performance of solvent blended electrolytes was investigated using different
electrode materials. Guerfi et al. studied electrochemical properties of blended
carbonate solvents with EMIm-TFSI on LFP cathode and mesocarbon microbeads
(MCMB) anodes [29]. Although no solvent intercalation occurred at potentials
lower than 0.25 V vs. Li/Lit, exfoliation of graphite was observed and the first
cycle efficiency was very low when pure EMIm-TFSI-based electrolyte was used.
The addition of carbonate solvents to EMIm-TFSI could improve the formation of
an effective SEI layer due to the EC decomposition at ~0.8 V vs. Li/Li*. The
addition of an IL to the carbonate solvent clearly affected the first cycle Coulombic
efficiency of the investigated electrolytes. The same was valid for first and second
cycle capacity values, as summarized in Table 3.

The use of pure EMIm-TFSI and a LFP cathode resulted in lower first cycle
Coulombic efficiencies, which could be due to high viscosity and low wettability of
pure IL. Furthermore, the authors studied 40% EMIm-TFSI blends of 1 M LiPFg in
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Table 3 The first cycle electrochemical characteristics of MCMB graphite anode in carbonate-based
electrolyte blends and EMIm TFSI. Reprinted from Ref. [29]. Copyright (2010) with permission of
Elsevier

IL (wt%) Discharge cap. 1st/2nd Charge cap. 1st/2nd Ah. eff. 1st/2nd
100 141/94 96/79 68/84

50 311/255 250/248 80/97

30 377/314 315/312 85/99

20 388/324 337/331 87/102

10 362/306 329/302 91/99

0 362/306 316/312 92/102

EC/DEC (1:1 by wt.) and 2% VC as nonflammable electrolyte in a cell using LFP
and LTO as cathode and anode. The formation cycle at C/24 rate had 89%
Coulombic efficiency in the first cycle and a specific capacity of 115 mAh g~ .

Kiihnel et al. investigated the ESW of PC+ Py4-TFSI solvent blended
electrolytes with different concentrations of 0.3 M LiTFSI using Pt as working
electrode [35]. No difference in electrochemical stability was observed in the
blended electrolytes. The discharge capacities of all electrolytes with different
concentrations were investigated in a half-cell setup using LFP as working electrode
and C-rates between 0.1C and 5C. There is a good correlation between the percent
amount of IL and the capacity; following the trend: the higher the IL amount, the
lower the capacity (Fig. 9a).

Conductivity and wettability were found as two important factors influencing
discharge capacity values of the nonaqueous electrolytes as claimed by the authors.
The effect of electrode wetting on discharge capacities in galvanostatic cycling of
blended electrolytes through the initial cycles is known in literature [47].

The performance of blended solvent electrolytes was investigated at high
temperature (60 °C) by means of constant current cycling at 5 C. As an interesting
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Fig. 9 a Specific discharge capacity (gg4;s) of LFP electrodes with PC/Py4-TFSI, 0.3 M LiTFSI blend
electrolytes. The electrodes were cycled at RT with different discharge rates. Reprinted from Ref. [35].
Copyright (2011) with permission of Elsevier; b discharge capacity retention (g,e;) of LFP with PC/Py;4-
TFSI, 0.3 M LiTFSI blend electrolytes. The electrodes were cycled at 60 °C with 5 C charge/discharge
rate. Reprinted from Ref. [35]. Copyright (2011) with permission of Elsevier
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Scheme 3 Molecular structures of 1-ethyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide
(EMP-TFSI) and 1-methyl-1-propyl-piperidinium bis(trifluoromethylsulfonyl)imide (MPP-TFSI)

result, the higher capacity retention for electrolytes with higher IL amounts during
cycling was obtained (Fig. 9b). Kiihnel et al. claimed that the lower capacity loss
during cycling with higher amounts of Py4-TFSI could be attributed to less dendrite
formation or less solvent evaporation.

Kim et al. [48] published a paper on the high-voltage application of two different
piperidinium-based ILs, namely 1-ethyl-1-methylpiperidinium bis(trifluoromethyl-
sulfonyl)imide (EMP-TFSI) and 1-methyl-1-propyl-piperidinium bis(trifluo-
romethylsulfonyl)imide (MPP-TFSI) (molecular structures depicted in Scheme 3)
in carbonate-based solvent using LMNO cathode.

Conductivity measurements revealed higher conductivity of the EMP-TFSI-
based electrolyte with 1.5 M LiPFq in EC/DEC (1:1 v/v) compared to MPP-TFSI-
based electrolytes. This has an obvious effect on galvanostatic cycling at different
C-rates as the electrolyte with the lowest conductivity (MPP-TFSI blended
electrolyte) had the largest over-potential, lower capacities as well as Coulombic
efficiencies (Fig. 10).

Charge/discharge cycling at 0.5 C demonstrated very steady performance for
both pure carbonate-based electrolyte and EMP-TFSI blended electrolyte, but MPP-
TFSI blended electrolyte displayed very unstable cycling stability and Coulombic
efficiencies over 50 cycles (Fig. 11).

2.3.2 Aluminum Dissolution in Presence of Nitriles

In electrolytes containing LiTFSI as conducting salt, anodic aluminum (Al)
dissolution takes place [49-51]. Krimer et al. [52] showed that a blend of nitrile and
carbonate slows down Al dissolution in LiTFSI-based electrolyte. The authors
investigated dissolution behavior of Al at high potentials of 1 M LiTFSI-based [EC/
EMC (1:1 by wt.), EC/DMC (1:1 by wt.), EC/DEC (1:1 by wt.), EC/DEC (3:7 by
wt.)], pure ADN and EC/ADN (1:1 by wt.) electrolytes. They performed linear
sweep voltammetry (LSV) measurements with a scan rate of 1 mV/s until a
potential of 5.0 V vs. Li/Li" was reached and thereafter kept constant for 24 h. The
carbonate-based electrolytes showed a much higher electric charge (~ 14 C after
24 h) whereas the EC/ADN blend led to an electric charge of ~7.5 C. As
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Fig. 10 The rate capability tests with 50% ILs and a pure carbonate electrolyte using LMNO working
electrodes. a The discharge values versus the discharge rate and b the Coulombic efficiency versus the
discharge rate. Prior to the measurements, five formation cycles at a rate of 0.1 C were performed for each
measurement. Reprinted from Ref. [48]. Copyright (2013) with permission of Elsevier

comparison, 1 M LiTFSI in ADN as single solvent only reached an electric charge
of ~2.0 C. The dissolution of the current collector caused a weight loss, which was
detected by weighting the Al electrode before and after the potentiostatic
experiment. With pure ADN, no significant weight loss was observed, indicating
negligible Al dissolution. The investigated EC/ADN blend led to a much higher
weight losses, whereas carbonate-based electrolytes showed the highest weight loss
and therefore the largest advance towards anodic Al dissolution. The fact that the
anodic Al dissolution was slowed down, but remained apparent in EC/ADN blends
with 1 M LiTFSI, led to the conclusion that LiTFSI is not a suitable conducting salt
for EC/dinitrile blends. As LiPFg is soluble in ADN and GLN (<1 M) only in small
quantities, even after adding carbonates, Isken et al. used LiBF, as conducting salt
[31]. They revealed that 0.9 M LiBF, in EC/ADN (1:1 by wt.) electrolyte forms a
stable protective film on the Al current collector, which prevents Al dissolution at
4.3 V vs. Li/Li".

This issue was further investigated by Abu-Lebdeh et al. [15]ina 1 M LiTFSI in
EC/ADN blend (1:1 v/v). They claimed that a higher open-circuit potential (OCP)
indicates improved ability of the electrolyte to passivate Al surface. In order to
further strengthen their idea, they employed the cyclic voltammetry (CV) technique
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Fig. 11 Cycle life studies with IL blended electrolytes and a pure carbonate electrolyte using LMNO
working electrodes. Both the charge and discharge rates for experiments were 0.5 C. Reprinted from Ref.
[48]. Copyright (2013) with permission of Elsevier

in a three-electrode configuration with an Al wire as working electrode and a silver
wire as a reference and counter electrode. The OCP of the cell containing the EC/
ADN blend as solvent was reported as 2.51 V vs. Li/Li* which is higher than that of
the cell with pure ADN (2.2 V vs. Li/Li™). In light of these results, it was suggested
that the solvent blend-based electrolyte formed a better passivation layer on Al. The
passivation ability of the blended solvent electrolyte was better than that of 1 M
LiTFSI in EC/DMC (1.63 V vs. Li/Li") [53]. Furthermore, by exchanging ADN
with GLN, Abu-Lebdeh et al. [16] observed an OCP of 2.2 and 2.3 V vs. Li/Li* for
pure GLN and EC/GLN blend (1:1 v/v), respectively, which is again higher than for
the carbonate-based electrolyte.

Kiihnel et al. has also investigated the anodic dissolution of Al current collector
in electrolyte blends containing PC with different concentrations of 0.3 M LiTFSI in
Py4-TFSI. They used Al disks as working electrodes and lithium metal as counter
and reference electrode to perform LSV measurements. It is well known that anodic
dissolution of Al current collector is less pronounced in ionic liquid media probably
due to low solubility of AI(TFSI); species [54-56]. Here, the authors showed a
correlation between the IL amount in solvent blended electrolyte formulations and
anodic dissolution potentials. The values for blended electrolytes lay in between as
listed in Table 4. The potential ranged from 3.8 V vs. Li/Li" in case of pure PC
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Table 4 Maximum potentials

(Eva) applied to Al foil IL (Wt%) Emax vs. (Li/LiT) (V)
electrode in electrolytes before 33
the Faradaic reactions start. ’
Reprinted from Ref. [35]. 20 3.8
Copyright (2011) with 50 4.1
permission of Elsevier 80 40
100 54

electrolyte with 0.3 M LiTFSI up to 5.4 V vs. Li/Li" in case of pure Py 4-TFSI. For
electrolytes with higher amount of IL, maximum potentials applied prior to Al
anodic dissolution were higher than potential values in case of electrolytes with
lower amount of IL.

2.4 Summary

Blending nitriles and ILs with carbonates enables their application as electrolyte co-
solvents. In this way, better physicochemical and electrochemical properties
required for the performance in a LIB cell can be achieved. Nitrile/carbonate solvent
blends have lower melting points than the single solvents as well as higher flash
points, thus leading to improved safety conditions. In addition, due to suppression of
anodic Al dissolution and a broader electrochemical stability window, good
electrochemical performance can be attained. Blending of RTILs with carbonate
solvents influences the safety properties of the nonaqueous electrolytes. The
addition of EC to the dinitrile and/or increase of the temperature lead to higher
conductivity values. The capacity values are higher compared to pure dinitrile as
solvent, but a solvent blend itself is not enough to insure adequate cycling
performance. For this reason, a combination with a salt blend is required. Blends of
RTILs and carbonate solvents contribute to more effective SEI layer formation on
graphite electrodes and improve the conductivity and rate capability of the
electrolyte. However, the addition of carbonate solvents to RTILs has a negative
influence on safety properties of the electrolyte blend such as lower thermal stability
and higher flammability. In summary, taking into account all investigated functional
aspects, the combination of nitriles and RTILs with carbonates seems to be a good
solution to overcome the drawbacks of the respective single solvents, as
summarized in Table 5.

3 Blended Conducting Salts in Nonaqueous Electrolytes

All commercial nonaqueous LIB electrolytes require a conducting salt that, in the
ideal case, fulfills the following requirements: high purity, low molecular weight,
the ability to completely dissolve and dissociate in a nonaqueous solvent medium,
intrinsic thermal stability, chemical stability vs. the solvent, stability over a wide
electrochemical potential window, high mobility of the solvated ions (especially
solvated Li™ ions), effective SEI and CEI formation on graphite and on the cathode
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Table 5 Major roles of discussed solvent blend-based electrolytes

Solvent blend

Target improvement

Investigated electrolyte

References

EC/dinitrile

EC/DMC/dinitrile

EMIm-TFSI in

Higher flash point
Lower vapor pressure
Lower viscosity
Higher conductivity

Suppressed Al dissolution
Effective SEI formation

Broader electrochemical stability
window

Higher capacities

Reduced capacity fading

Lower viscosity

Higher conductivity

Higher capacities

Broader electrochemical stability
window

Flame inhibition effect

1 M LiBF, in EC/ADN
(1:1 by wt.)

1 M LiTFSI in
EC/dinitrile (1:1 v/v)

(NC-(CH,),-CN with
n = 3-8)

1 M LiTFSI in EC/GLN
(1:1 v/v)

0.9 M LiBF, in EC/ADN
(1:1 by wt.)

1 M LiTFSI in EC/ADN
(1:1 by wt.)

0.9 M LiBF, in EC/ADN
(1:1 by wt.)

1 M LiTFSI in EC/ADN
(1:1 v/v)

1 M LiTFSI in EC/GLN
(1:1 v/v)

0.9 M LiBF, in EC/ADN
(1:1 by wt.)

1 M LiTFSI in EC/ADN
(1:1 v/v)

1 M LiTFSL, 0.1 M
LiBOB in EC/ADN
(1:1 v/v)

0.9 M LiBF, in EC/ADN
(1:1 by wt.)

1 M LiBF,, 0.1 M
LiBOB in EC/
DMC/dinitrile (1:1:2
v/IvIv)

1 M LiBF,4, 0.1 M
LiBOB in EC/
DMC/dinitrile (1:1:2
v/IvIv)

(NC-(CH,),-CN with
n=1-8)

1 M LiBF, in EC/DMC/
SEN (1:1:2 v/v/v).

EMIm-TFSI (40% or

(31]

[32]

[16]

(31]

[52]

(31]

[15]

[16]

(31]

[15]

(31]

(32]

(32]

(17]

[29]

EC/DEC more) + 1 M LiPFg in
(1:1 wt%) EC/DEC
Optimum viscosity and conductivity EMIm-TFSI
values (40-60%) + 1 M
LiPFs in EC/DEC
Optimum charge/discharge capacity EMIm-TFSI
(MCMBY/Li half-cell) (20-30%) + 1 M
LiPF¢ in EC/DEC
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Table 5 continued

Solvent blend Target improvement Investigated electrolyte References
Pyr;4-TFSI in EC/  Flame inhibition effect Pyr4-TFSI (30% or [30]
DMC (1:1 wt%) more) + 1 M LiPFg in
EC/DMC
Higher thermal stability Pyr4-TFSI + 1 M LiPF,
in EC/DMC
Pyr14-TFSI in PC  Higher anodic dissolution of Al current PC+ 0.3 M LiTFSI in [35]
collector Pyr,4-TFSI (50% or
more)
Lower discharge capacities PC+ 0.3 M LiTFSI in
Pyr,4-TFSI (by addition
of IL)
Higher capacity retention during PC+ 0.3 M LiTFSI in
galvanostatic cycling at 60 °C (LFP, Pyr4-TFSI (by addition
5C) of IL)
EMP-TFESI MPP- Higher conductivity and better rate 50% IL (EMP or [48]

TFSI in EC/DEC
(1:1 wt%)

capability of EMP than MPP

Improved galvanostatic cycling
performance and higher Coulombic

MPP) + 1.5 M LiPF,
in EC/DEC

50% IL (EMP or MPP)
+1.5 M LiPF¢ in EC/

efficiency of EMP than MPP DEC

surface, passivation of the Al current collector to circumvent anodic Al dissolution,
as well as low cost. Over the past three decades, various lithium salts (e.g. LiPFg,
LiBF,, LiBOB, lithium difluoro(oxalato)borate—LiDFOB, LiTFSI, lithium bis(flu-
oro-sulfonyl)imide—LiFSI) were subjected to an extensive investigation in
nonaqueous (aprotic) solvents or solvent blends in respect to their physicochemical,
electrochemical and safety features [42]. Nevertheless, a lithium salt, which fulfills
all the above demanded criteria at the same time, has not been identified so far.
Moreover, compared to the wide variety of aprotic organic solvents available, the
selection of an appropriate lithium salt is rather limited. Table 6 summarizes the
most investigated lithium salts accompanied by their main physicochemical
features.

The commercially dominant conducting salt in carbonate-based electrolytes is
still LiPF¢. This domination has not been driven by any single outstanding property,
but by the combination of a series of well-balanced properties [24]. However, its
thermal and chemical instability has drawn the attention of the LIB society to search
for alternatives [65]. In particular, the tendency of LiPFg to form toxic and
chemically aggressive HF in the presence of water (as impurity in the LIB cell and
the electrolyte itself) [66], which is accelerated by heat are a concern. LiPFg
therefore cannot only deteriorate electrochemical performance, by e.g. increased
cathode dissolution [67, 68], but can furthermore react with the organic solvents
yielding even more toxic components such as fluorophosphates and organophos-
phates [5, 69-71].
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3.1 Aim of Blending Lithium Salts

The electrochemical performance and safe operation of a battery cell mainly depend
on the chemical and electrochemical stability of each individual cell component.
Lithium salts, being responsible for (Li*) ion conduction, may have strengths and
weaknesses with respect to physicochemical and electrochemical features, which
most likely restrict their application in future LIB systems. Substitution of LiPFg
with new salts, addition of salt additives, or utilization of salt blends, is expected to
improve electrolyte performance. With respect to salt blends, the known advantages
of the individual conducting salts can be exploited by combining them. Salt blends
exhibit improved thermal stability, ionic conductivity, electrochemical performance
and safety characteristics as compared to their single constituents. Many interesting
literature examples of blended salts that mainly shed light on the effect of salt
blends on anode, cathode, suppression or inhibition of Al dissolution as well as the
overall system performance were reported so far [72, 73]. The idea of blending
various lithium salts in different amounts is generating considerable interest for
future electrolyte formulation in LIB research. However, there is still much
controversy surrounding the influence of salt blends on electrolyte properties. In
addition, a common approach in improving electrolyte formulations is related to the
addition of the sacrificial anions, so-called salt additives, which degradation results
in a considerable improvement of battery performance [74]. By combining the
advantages of two different salts, cell chemistry and cell performance can be
optimized and tailored for a specific purpose. Lithium salts were used as blends in
various concentrations and combinations to suppress the adverse effects of the
single salt in electrolyte formulation. The purpose of blending salts can be listed as
(1) achieving higher ionic conductivity by combining several lithium salts in one
pot, (2) adjusting physicochemical features of the resulting electrolyte blends, e.g.
boiling, freezing points, solubility, (3) forming an effective SEI on the surface of the
negative electrode, thus improving its cycling efficiency in lithium ion or lithium
metal batteries, (4) preventing metal dissolution from the cathode, (5) increasing
anodic potential stability window, (6) forming a passivation layer on the surface of
the Al current collector and preventing anodic Al dissolution and (7) improving cell
safety.

3.2 Physicochemical Features of Blended Salt-Based Electrolytes
3.2.1 Transport Properties: Viscosity and Conductivity

The viscosities of LiPFg 4+ LiBOB + LiDFOB in EC/DMC (1:1 by wt.) and EC/
dimethyl sulfone (DMSN) (4:1 by wt.) were systematically investigated by
Hofmann et al. [75]. Their findings indicated an increase in viscosity and a decrease
in ionic conductivity for the following binary and ternary blended salts:
LiPFg + LiBOB, LiPF¢ + LiDFOB and LiPF¢ + LiBOB + LiDFOB, as compared
to the single-salt system (LiPF¢). As summarized in Table 7, no significant
difference could be observed.
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The physicochemical features of a series of electrolytes containing LiBF, + -
LiBOB salt blends were reported by Lai et al. with an attempt to improve the
operation temperature range of LIBs. In their study, the investigated electrolyte
formulations contained salt blends of LiBF, + LiBOB (8:2) in PC/EC/EMC, PC/
EC/EMC/MB, PC/EC/methyl butyrate (MB) solvent systems [76]. At moderate and
high temperatures, ionic conductivity values of the blended salt electrolytes were
lower than that of single component salt (LiPFs). However, at lower temperatures
(—40 and —20 °C), no considerable difference could be observed due to the high
mobility of BF, . Electrolyte blends of LiBF, 4+ LiBOB (8:2) PC/EC/EMC/MB
(1:1:1:2 v/vIvIv) showed ionic conductivity of 4.34 and 2.16 mS cm™' at —20 and
—40 °C, respectively.

The discrepancy in ionic conductivities of LiBF, 4+ LiBOB salt blends as
compared to the single constituents and LiDFOB salts was discussed by Schedbauer
et al. [62]. The specific conductivities of the LiBF, containing electrolyte blends
were found to be lower as compared to non-BF,~ containing electrolytes in the
temperature ranging from —40 to 60 °C. Moreover, 0.5 M LiBOB in EC/DEC (3:7
by wt.) and 1 M LiDFOB in EC/DEC (3:7 by wt.) electrolytes showed almost
identical behavior in the investigated temperature range. Furthermore, the trend in
conductivities of LiIBOB + LiBF, salt blends depicted a descending behavior with
the increasing LiBF, concentration.

In the study published by Zhang et al., the effect of the increasing LiFSI
concentration on the electrochemical performance of LiPFg-based EC/EMC (3:7 v/
v) electrolyte was discussed [77]. Ionic conductivity of the resulting blend showed a
parallel trend with the concentration of LiFSI up to 0.2 mol L™ (64 poir '
9.33 mS cm™', G5 oy 1: 9-60 mS ecm™ ). However, at concentrations higher than
0.2 mol L™" a fast decrease in ionic conductivity of the electrolyte was observed,
which could be attributed to the detrimental effect of the high salt concentration,
giving rise to ionic interactions.

A similar trend was observed for LiBF,; + LiDFOB salt blends in EC/EMC/
DMC (1:1:1 by wt.) [78]. Concentration changes of LiDFOB and LiBF, were found
to influence the ionic conductivity in a different manner. An increase of the
LiDFOB concentration (up to 0.8 M) led to higher ionic conductivities in the
temperature range from 30 to 70 °C compared to that of the pure LiBF,-based
electrolyte [79, 80]. At contrast, in the temperature range from 20 to —20 °C, the
ionic conductivity of the aforementioned system gradually deteriorated. However,
an increase of the LiBF, concentration (up to 0.8 M) in this low temperature range
had a positive influence on ionic conductivity, due to the lower van der Waals
volume of the BF, ion and its correlation to electrolyte viscosity [81]. An
equimolar blend of LiBF, and LiDFOB in EC/PC/DMC (1:1:3) at a concentration of
10 wt%, provided a good overall ionic conductivity (in the order of 107> S cm ™)
over the temperature range from 20 to 80 °C as stated by Zygadto-Monikowska
et al. [82]. Besides, a LiPFg + LiDFOB blend in EC/PC/DMC (1:1:3 v/v/v) could
not compete with the pure LiPFg-based electrolyte in the temperature range from 0
to 40 °C, as showed by Zhang et al. [83]. This is due to the larger van der Waals
volume of the ODFB™ ion compared to PFs~ as well as the lower ionic dissociation
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Fig. 12 Ionic conductivity (k) of electrolytes with different LIDFOB + LiPFg salt blend ratios in EC/
PC/DMC (1:1:3) solution (0-40 °C). Reprinted from Ref. [83]. Copyright (2010) with permission of
Elsevier

ability of LiDFOB compared to LiPFg, leading to higher viscosity of the electrolyte,
thus resulting in conductivity decrease. With this in mind, the conductivity of the
LIDFOB-based electrolytes could be enhanced by addition of LiPFg, as depicted in
Fig. 12 [83].

In another study by Park et al., the ionic conductivity of (EC/DEC 3:7 v/v)
electrolyte containing blend of LiFSI and LiDFOB salts was determined over the
temperature range from 10 to 60 °C and compared to the pure LiFSI and LiPF-
based electrolytes [84]. In consistence with literature data, the conductivity of the
LiFSI-based electrolyte was higher than that of LiPF¢-based electrolyte [64, 85]. In
line with this, the ionic conductivity of the 0.8 M LiFSI + 0.2 M LiDFOB in EC/
DEC (3:7 v/v) was found to be higher than the pure LiPFg-based electrolyte over the
aforementioned temperature range indicating that addition of LiDFOB had no
significant impact on the superior ionic conductivity of the pure LiFSI-based
electrolyte [84].

Using the synergistic effect of LiDFOB and LiTFSI salts in EC/EMC (4:6 by
wt.), Li et al. pointed out the minor difference in ionic conductivity of equimolar
blend (7 mS cmfl) compared to the pure LiTFSI-based electrolyte (7.8 mS cmfl)
at 20 °C [86].

3.2.2 Thermal Stability of Blended Salt-Based Electrolytes

It is of great importance to introduce thermally stable electrolyte blends for
achieving risk-free operation of LIBs. Several approaches aimed at suppressing the
low thermal stability of the LiPFq-based electrolyte by using thermally more
stable salt blends including LiBOB, LiBF, LiDFOB and LiTFSI. Furthermore, in
few studies LiBOB + LiPFg salt blends were used for elucidating the effect of
LiBOB on suppressing the thermal instability of LiPFg salt [72, 73]. The influence
of LiBOB on the thermal stability of MCMB/spinel LIBs was attained from the
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Fig. 13 TGA profiles of
LiBOB + LiTFSI and 100 ¢
LiBOB + LiBF, salt blends
compared to pure LiPFg.
Reprinted from Ref. [87]
Copyright (2015) with
permission of Elsevier

LiTFSI-LiBOB

bill

Ol

40}

Residual mass fraction®

iBF ,-LiBOB

0 100 200 300 100 500

femperature/

corresponding cycling curve at 55 °C, which depicted more steady behavior as
compared to the pure LiPFg salt-based electrolyte.

Zhang et al. [87] reported several thermally stable salt blends, namely
LiBF, + LiBOB and LiTFSI + LiBOB as compared to the SOTA salt, LiPFg.
The thermal stability of the aforementioned blended salt electrolytes is illustrated in
Fig. 13.

Another example related to the effect of blending on the thermal stability for
LiBF; containing electrolyte was disclosed by Hong et al. [88]. As already
mentioned, LiBF, suffers from low ionic conductivity but it provides good cycling
performance at higher (50-80 °C) and lower temperatures (—20 °C) [89]. A study
published by Zhang et al. pointed out that blending LiBOB salt with LiBF, and
LiTFSI enables effective SEI formation and Al current collector passivation, which
can successfully compensate the drawbacks of LiBF, and LiTFSI. According to
their results, the thermal stabilities of the investigated salt systems followed the
ascending order of LiPF¢ < LiBF, + LiBOB < LiTFSI + LiBOB [89, 90].

By blending LiPF¢ with LiDFOB in EC/PC/DMC (1:1:3 v/v/v), Zhang et al.
showed remarkable improvement in performance of the artificial graphite (AG)/LFP
cells at 65 °C compared to the pure LiPFs-based electrolyte formulation. This
superior behavior, expressed through higher capacity and capacity retention values,
was attributed to an effective SEI film-formation in the presence of the high
LiDFOB concentration (LiDFOB/LiPFg in ratio 4:1) as well as the thermal stability
enhancement of the electrolyte. The presence of LiDFOB inhibited the autocatalytic
decomposition of the electrolyte and synergistic effect of both salts enhanced the
thermal stability of the electrolyte. This was achieved by a disproportionation
reaction of LiDFOB, in which lithium tetrafluorooxalatophosphate (LiPF,C,0,),
which sequestered PFs formed during thermal decomposition of LiFPs, was
generated [91]. The addition of LiPFg in smaller amount contributed to an improved
electrolyte conductivity and increased capacity [83]. The beneficial influence of
LiDFOB + LiBF, blends in EC/DMC/EMC (1:1:3 by wt.) was confirmed in
graphite/LiNig sMn; 504 (LNMO) full cells at low (—20 °C) and elevated (60 °C)
temperatures [78]. Moreover, the improved low temperature performance at high
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C-rate charging and discharging was attributed to a diminished charge transfer
impedance in presence of LiBF, (LiDFOB/LiBF, = 4:1, in molar).

3.3 Electrochemical Features of Blended Salt-Based Electrolytes
3.3.1 Cathodic Stability of Blended Salt-Based Electrolytes

The cathodic stability of the blended salt-based electrolytes was mainly character-
ized by means of CV and/or galvanostatic charging on the surface of a graphite
electrode. The performance assessment of such electrolyte blends was derived based
on: (1) a SEI forming features, (2) irreversible capacity, (3) Coulombic efficiency
and (4) capacity retention.

As initially emphasized, the blending concept significantly influences cell
chemistry and electrochemical features of the electrolyte system. A well-known
example is given for a PC containing electrolyte formulations in combination with
graphitic anodes. The superior features of PC-based electrolytes such as enhanced
rate capability, lower and higher temperature stability make this solvent an
important component for electrolyte formulations [92]. Nevertheless, its incompat-
ibility to the graphitic electrode, due to solvent co-intercalation and intense gas
evolution surface is a well-known issue [93, 94]. In this respect, a blended salt
system that contains sufficient amounts of LiBOB (1-5 mol%) in LiPFg or LiBF,-
based electrolytes, may serve as a promising solution to cope with PC reduction and
graphite exfoliation. Xu et al. investigated two electrolyte formulations that
contained 50 and 30% PC, which in the normal case prevent intercalation of Lit
into graphite. In the additive free case, the graphite potential leveled off at 0.8 V vs.
Li/Lit which is in the characteristic reduction potential range of PC (Fig. 14).
However, in the presence of LiBOB, the reversible lithiation potential of graphite
(0.2 V vs. Li/Li") could be reached [58]. Another example for a PC containing
electrolyte recipe was related to the LiBOB + LiBF, salt blend which was
considered as solution to enable the application of a LiBF,/PC-based electrolyte in
graphite-based LIBs [95], by introducing LiBOB as a SEI forming additive. A
cathodic signal at 1.75 V vs. Li/Li* indicated the reduction of BOB™ forming an

/
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Fig. 14 Voltage-capacity curves of the first cycle for Li/graphite cells with different LiBF,/PC
electrolytes, in which the numbers present molar percentage of LiBOB in the mixed salt. Inset in b is a
part of the plots of differential capacities vs. cell voltage. a 1.0 m LiBF, PC/EC (1:1) and b 1.0 m LiBF,
PC/EC/EMC (1:1:3). Reprinted from Ref. [95]. Copyright (2006) with permission of Elsevier

@ Springer 28 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:37

effective SEI on the negative electrode [96, 97]. As reported by Panitz et al.
reduction of LiBOB gave rise to capacity loss and higher charge-transfer impedance
as compared to the SOTA salt [98]. Moreover, in the same study it was reported that
the state of the graphite anode surface, e.g. surface chemistry [99-102], specific
surface area [103—106], have a decisive role in the intensity of this reduction
process. The opportunity to tailor SEI chemistry of a carbonaceous electrode by a
boron rich surface layer made LiBOB a good electrolyte candidate for blending
purposes.

A similar study reporting on the superiority of LiBOB with regard to the SEI
film-formation, was performed by Zhang et al. [95]. When LiBOB was used as co-
salt, it sufficiently stabilized the surface of the graphitic anode and in this way
enabled the application of LiBF,/PC electrolytes in LIBs. Additionally, it was
indicated that LiBOB, when used even in small amount (1-5 mol%), formed an
effective SEI film on the graphite electrode [107] in LiBF,-based PC/EC/EMC and
LiBF,-based PC/EC electrolytes. The effectiveness of LiBOB in circumventing the
solvent reduction at potential regimes of 0.8-0.4 V vs. Li/Lit was investigated by
means of the CV technique. In the absence of LiBOB, solvent reduction peaks
within the indicated potential range were clearly observable, whereas in the
presence of 1 mol% LiBOB the peaks were suppressed and Li" intercalation into
graphite could take place at ~0.3 V vs. Li/Li". Even at low concentrations of
LiBOB (0.5 mol%), the SEI was sufficient to suppress further reduction of the
investigated electrolyte. The superior feature of the BOB™ originated SEI was
reported to advance the thermal reactivity of the lithiated graphite towards the
nonaqueous electrolyte and in this way, an improvement in the safety characteristics
of the negative electrode could be observed. In a further study performed by Jiang
et al., the thermal stability of the lithiated graphite electrodes was investigated by
means of accelerated rate calorimetry (ARC). According to the obtained results, the
exothermic reaction between lithiated MCMB and the electrolyte began at 80 °C in
a LiPFg salt-based electrolyte system, whereas in the presence of LiBOB it took
place at 180 °C [59, 108, 109].

An interesting study involving a LiPF¢ + LiFSI 4+ LiBOB ternary salt blend for
achieving improved electrochemical performance of MCMB/LFP full cells was
conducted by Zhang et al. [77]. They indicated outstanding capacity retention
(99.6% after 100 cycles) of an MCMB electrode in a 1 mol L~! LiFSI-based EC/
EMC (3:7 v/v) electrolyte which served as major reason to include LiFSI in the
electrolyte; however, Al current collector dissolution in presence of the FSI™ anion
limits application of these electrolyte formulations. In fact, the authors presented
that LFP-based cells could only be cycled for seven cycles in LiFSI 4 LiPFg salt-
blended electrolyte (1 mol L! LiPF¢ and 0.2 mol L! LiFSI) due to the severe Al
dissolution. For this reason, the addition of LiBOB salt into this binary blend to
effectively passivate Al surface with an optimum concentration of LiPFg + -
LiFSI + LiBOB (0.8:0.2:0.2 mol L™") was proposed. The capacity retention values
after 120 cycles in graphite-based cells containing LiPFs, LiPFg + LiFSI,
LiPFg + LiFSI + LiBOB as single, binary and ternary salt blends were reported
to be 88.2, 93.5 and 97.0%, which was another proof for the effectiveness of the
ternary blends on the cycling performance of graphite. Nevertheless, the rate
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capability of the MCMB electrode in the LiPFg 4 LiFSI salt blend-based
electrolyte was slightly lower than that of the ternary blend (LiPFq + -
LiFSI + LiBOB), which could be explained by the higher SEI resistance caused
by BOB.

Schedbauer et al. conducted a study on the composition of the SEI on copper
surface in the presence of a LiBF, 4+ LiBOB salt blend-based electrolyte [62].
Results obtained by means of X-ray photoelectron spectroscopy (XPS) measure-
ments showed that with increasing the LiBF, amount in the LiBF, + LiBOB blend,
the composition of the SEI displays similarity to that containing the LiDFOB salt.
The interaction between LiBF, and LiBOB resulted in a trace amount of LiDFOB
formation at room temperature as was confirmed by NMR measurements.

Cycling stability of lithium-metal batteries was limited by the lithium dendrite
growth on lithium metal during repeated cycling which causes severe safety risks
for commercial applications [110-113]. It is known that the SEI films on Li metal
and lithiated graphite differ considerably [114, 115]. An electrolyte based on a
LiTFSI 4 LiBOB salt blend was investigated by Xiang et al. with an aim to
improve the charging capability of LiNiy gCog 15Alg.0sO2 (NCA)/Li half-cells [116].
In the investigated electrolyte system, LiBOB played a crucial role in forming an
effective SEI film on Li metal and the mandatory Al current collector passivation,
whereas LiTFSI functioned in modifying the features of the SEI film on the lithium
metal by increasing ionic conductivity.

As stated by Zhang et al., blending of LiPFs and LiDFOB salts in a ternary
carbonate-based electrolyte, contributed to improved performance of both artificial
graphite (AG)/Li half- and AG/LFP 063048-type full cells [83]. Compared to a pure
LiPFg-based electrolyte, in the presence of LiDFOB, a more effective SEI was
formed in the initial cycles, resulting in a superior Coulombic efficiency of 98.2% in
the third cycle and a reversible capacity of 339 mAh g~ over 100 cycles in the AG/
Li half-cell. The obtained CV results indicated a strong influence of LiDFOB on the
Lit de-intercalation step. The optimized LiPF¢/LiDFOB ratio was set to 1:4
(0.2 M:0.8 M). In the AG/LFP full cell setup, the obtained discharge capacity
values were significantly higher compared to the pure LiPFg-based electrolyte.
Furthermore, the presence of LiPFg in a blended salt system was found to
compensate the poor ionic conductivity of the LiDFOB-based electrolyte. The
authors even stated that it might additionally have a positive influence on the
capacity values. After 100 cycles, the cell containing 0.2 M LiPF¢ 4+ 0.8 M
LiDFOB in EC/PC/DMC (1:1:3 v/v/v) electrolyte showed a capacity higher than the
cell with the pure salt electrolyte. In addition, at elevated temperature (65 °C), both
discharge capacity and capacity retention of the optimized salt-blended electrolyte
(351.3 mAh, 88.7%) were superior compared to the single salt containing
electrolyte (121 mAh, 52%).

3.3.2 Anodic Stability of the Blended Salt-Based Electrolytes
In a study performed by Shieh et al., the effect of LiBOB + LiPFg salt blend on

thermal stability, cycle life stability and Mn dissolution of LMO electrode was
discussed [72]. Mn2" dissolution from the LMO cathode material in the SOTA
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electrolyte system (1 M LiPFg EC/DMC) at elevated temperatures and its
consequences on cell chemistry are a well-known issue [117, 118]. At elevated
temperature, decomposition of LiPFg triggers the Mn?" dissolution from LMO via
the Hunter’s mechanism [119]:

M3t = Mn?t

2
(solid) (solig) T Mn o (1)

(solution).

Cycling investigations showed no significant difference in capacity fading of the
single-salt containing systems (LiBOB or LiPFg) with 79% capacity retention,
whereas the capacity retention of the blended salt electrolytes (82% for 0.5 M
LiBOB + 0.5 M LiPFg) was reported to be superior to the single salt-based
electrolyte after 100 cycles.

An electrolyte containing LiBOB + LiPFg salt blend, enabled a Mn*" dissolu-
tion decrease from the LMO cathode thus stabilizing the LiPF¢ salt decomposition
during cycling at elevated temperature as well as enhancing the electrochemical
performance of the cell. In conclusion, the blended salt concept potentially allowed
for application of LMO at elevated temperatures (>55 °C). A similar study,
performed by Chen et al. [73], confirmed the findings of Shieh et al. [72]. Their
results showed that the power capability of lithium ion cells decreases with
increasing LiBOB concentration; however capacity retention of the cells at 55 °C
increased with LiBOB concentration which is in line with the results obtained by
Shieh et al. [52]. Furthermore, they specified the optimum concentration of LiBOB
as 0.1 M, using MCMB/NMC full cells at 55 °C. MCMB/spinel full cell cycling at
55 °C with 0.1 C current rate showed a clear evidence of poor cycling behavior in
the SOTA electrolyte formulation (1.2 M LiPFg in EC/PC/DMC) that led to more
than 50% capacity loss in 300 cycles, most probably due to Mn®" migration from
the positive to the negative electrode and deterioration of the SEI. However, the
pure LiBOB and blended (LiPFg 4+ LiBOB) salt systems significantly improved the
cycling stability of the cell, which pointed out an effective CEI formation and
suppressed Mn”" dissolution in presence of LiBOB.

A ternary salt blend containing LiPF4 as main salt, with LiFSI and LiBOB as co-
salts was investigated by Zhang et al. for improved electrochemical performance of
a graphite/LFP full cell [77]. The aim of their study was to tailor the electrolyte by
using LiFSI (high conductivity and good cycling stability) 4+ LiBOB (beneficial Al
current collector passivation behavior) blend. Graphite/LFP full cells cycled in this
ternary salt blend-based electrolyte exhibited improved cycling characteristics; the
Coulombic efficiency was close to 100% over 200 cycles.

LiFSI, as conducting salt, generated widespread interest in LIB science owing to
its promising features, e.g. absence of hydrogen fluoride (HF) release, enabling good
electrolyte conductivity, high-rate capability and low electrolyte viscosity [85, 120].
However, a key challenge is addressed to the Al current collector dissolution, thus
limiting the application of this salt [121].

An electrolyte based on LiTFSI + LiBOB blend was suggested by Xiang et al. to
improve the charging capabilities of NCA/Li half-cells [116]. In such electrolyte
system, LiBOB takes part in formation of an effective SEI film and passivation of
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the Al current collector, whereas LiTFSI functioned in modifying the SEI on lithium
metal by increasing its ionic conductivity.

In view of the realization of high voltage LIBs, it is important to introduce
electrochemically stable electrolyte systems that operate beyond 5 V vs. Li/Li*. Li
et al. investigated a blended salt-based electrolyte formulation with an aim to
improve the cycling stability of the LNMO cathode at high potentials [122]. In their
study, LiBOB had a role of a main conducting salt, whereas lithium difluoro(-
sulfato)borate (LiBSO4F,) was used as a co-salt in 0.1 M to create an effective CEI
at the LNMO cathode surface. As suggested by the authors, LiBSO4F, formed a
smooth and uniform, thus low resistive CEI. Their findings indicated that the
LiBSO4F, + LiBOB-based electrolyte exhibited a lower charge-transfer impedance
with LNMO due to the formation of a CEI, which was fond to be rich in sulfurous
compounds. The oxidation stability increased from 5.3 to 5.6 V vs. Li/Li".
Moreover, the influence of the co-salt was further proven by electrochemical
impedance spectroscopy results showing that the LiBSO4F, salt reduced the charge-
transfer impedance. The capacity retention of LNMO electrodes in this blended salt
system was reported to be 98.9% after 100 cycles, whereas only 92.8% retention
could be achieved in the single salt electrolyte. Finally, the C-rate capability was
improved with the salt blend-based electrolyte.

In a recent study, Zhou et al. indicated the LiDFOB + LiBF, salt blend as a
promising candidate for enabling the high voltage LNMO cathode active material
[78]. The authors reported enhanced electrochemical kinetics at room temperature
of the LNMO electrodes in the electrolyte containing high amount of LiDFOB
compared to the pure LiBF,-based electrolyte as well as the strong influence of this
salt on reaction reversibility and capacity retention of the investigated graphite/
LNMO full cells. As a result of the effective CEI formation in presence of LIDFOB
(LiDFOB/LiBF, ratio = 4:1), the specific capacity and capacity retention after 100
cycles amounted to 120.7 mAh g~' and 95.2%, respectively. SEM results of the
pristine and cycled LNMO electrodes confirmed the formation of thin CEI layer in
the presence of LIDFOB + LiBF, salt-blended electrolyte, whereas in case of the
pure LiBF,-containing electrolyte, continuous electrolyte decomposition led to a
formation of thick and dense CEI layer which had a detrimental effect on the
capacity retention at elevated temperature. In addition, the fluoroborate salts LiBF,
and LiDFOB in an equimolar blend of 0.1 M in DMC showed an oxidation stability
up to 4.9 V vs. Li/Li* [82]. By combining the advantages of both conducting salts,
the LITFSI 4+ LIDFOB blend in EC/EMC (4:6 by wt.)-based electrolyte formula-
tion was found to significantly improve the electrochemical performance of the LFP
electrode. The optimum amount was determined to be 1M LITFESIy¢ +
LIDFOB 4. Although the increase of LIDFOB concentration improved the cycling
performance, concentrations higher than 0.4 M would lead to the higher cell
impedance. Figure 15 illustrates the voltage profiles of LFP/Li half-cells at different
C-rates of the salt blend containing electrolyte compared to the pure LiPFs-based
electrolyte.

The reasons behind the improved Coulombic efficiencies were related to superior
water and thermal stabilities of both the LiBF, and LiDFOB salt resulting in
suppressed iron dissolution and weak parasitic reactions.
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Fig. 15 Rate capability of LFP/Li half-cells in electrolytes containing a 1 M LiTFSIj ¢ + LiODFB 4
and b 1 M LiPF. Reprinted from Ref. [86]. Copyright (2015) with permission from Elsevier

3.3.3 C-Rate Capability and Capacity Retention of the Blended Salt-Based
Electrolytes

As reported by Chen et al. [73], no considerable change in cycling stability between
the investigated single and binary salts containing electrolytes was observed,
whereas differences in capacity retention at elevated temperatures (55 °C) were
clearly visible, as reflected from Fig. 16. The LiBOB containing electrolyte
presented a better cycling performance in graphite/NMC full cells (10% capacity
loss over 60 cycles in LiBOB free electrolyte). Similarly, a poor capacity retention
was reported for the graphite/spinel full cells (50% loss in 300 cycles) at 55 °C. The
ternary salt blend (LiPFg 4+ LiBOB + LiFSI) exhibited a capacity retention close to
100% with a specific discharge capacity of 153.9 mAh g~' for graphite/LFP full
cells [77].
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Fig. 16 Capacity retention of graphite/NMC (MCMB-1028/L333 cells at 55 °C). The cells were cycled
with a constant current of C/2 (~ 1.2 mA). Redrawn from Ref. [73]. Copyright (2006) with permission of
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Cycling stabilities of graphite/LiNiO, cells containing LiBOB + LiBF, salt
blend in PC/EC/EMC-based electrolyte were reported by Zhang et al. [95]. The
results indicated that the cell maintained 90% of the initial capacity after 180 cycles
at room temperature in 2 mol% LiBOB containing electrolyte formulation. Another
study on LiBOB + LiPFg blends stated that the capacity loss for the blended salt-
based electrolyte (0.75 M LiPFg 4 0.25 M LiBOB) was 16%, whereas 23% was
observed in the LiPF¢ case over 250 cycles at 55 °C [72].

The capacity retentions of several blended electrolyte systems containing
LiBF4 + LiBOB (8:2) in various solvent blends with LiPFg as reference were
reported by Lai et al. [76]. Their findings indicated that at elevated temperature
(65 °C) the LiPF¢-based electrolyte presented 77% capacity retention in LFP/Li
half-cells, whereas LiBF, and LiBOB blends maintained the capacities at 79-85%
of the initial value. In this respect, 1 M LiBF, + LiBOB (8:2) salt blend in EC/PC/
EMC (1:1:3) was identified as the most promising electrolyte formulation. A similar
study performed by Zhang et al. disclosed a capacity retention of the LiBF, +
LiBOB salt blend for the LFP/Li half-cell as 87.5% as compared to LiTFSI +
LiBOB with 85.1% and LiPFg with 79.3% over 100 cycles at 65 °C, [87]. With
these findings in line, blended salt electrolytes demonstrated better capacity
retention at high temperature as compared to the single-salt system.

3.3.4 Suppression of Aluminum Dissolution by Blended Salt-Based Electrolytes

To ensure safe and long-lasting performance, a compact protective passivation layer
must be formed on the surface of the Al current collector. The following factors
mainly determine the passivation process: the upper cut-off potential, the electrolyte
solvents, additives, and the used conducting salt. The potential at which the
oxidation dissolution current rapidly increases in reference to the background
current is called ‘pitting potential (E,)'. Only at potentials higher than E,, the
oxidation currents vary with the conducting salt. The presence of LiBF, and LiPF¢
suppresses this current at higher potential values, thus enabling effective passivation
of the Al surface and preventing further oxidation. On the contrary, lithium imide
salts (Lilm) are known for promoting severe Al current collector dissolution
[123, 124]. Among them, LiFSI was reported as promising salt to overcome the
well-known limitations of LiPFg [120, 121]. With this in line, Park et al.
systematically investigated the inhibition of dissolution in LiFSI in EC/DEC (3:7
v/v) electrolytes by addition of selected Li borate salts and revealed the following
order of their inhibition ability: LiDFOB > LiBF, ~ LiPFs > LiBOB [84].
Furthermore, a 0.8 M LiFSI + 0.2 M LiDFOB salt blend in EC/DEC (3:7 v/v)
showed remarkable inhibition of Al dissolution, even comparable to a 1 M LiPFg
electrolyte. As depicted in Fig. 17, the superior inhibition ability of LiDFOB,
compared to other investigated borate salts, was assigned to the increased thickness
(~24.4 nm) of the passivation surface layer compared to the layer in other blends
(<1 nm) as well as to the nature of its constituents, AlI-F, Al,Os and B-O/B-F
species [84]. B-O compounds are known for their ability to protect Al surface from
dissolution caused by Lilm salt-based electrolytes [125]. LIDFOB was suggested as
the most effective complementary salt to LIFSI for improving Al stability.
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Fig. 17 Schematic diagram of passive layer formation on an Al electrode cycled in EC/DEC (3:7 v/v)
electrolyte containing a LiFSI + LiBF, or LiFSI 4+ LiBOB and b LiFSI + LiDFOB salt blends.
Redrawn from Ref. [84] Copyright (2015) with permission of Elsevier

A study by Li et al. revealed the effective suppression of Al dissolution in 1 M
LiTFSI in EC/EMC (4:6 by wt.) electrolyte by addition of LiDFOB as co-salt
(2 wt%), comparable to the pure 1 M LiPFg4-based electrolyte.

The performed XPS measurements revealed the presence of B, F, O, N and S
elements in the passivation layer as a result of LIDFOB and LiTFSI decomposition,
thus pointing out the presence of B—O species as meritorious for this protection
effect [86]. Besides LiDFOB, the presence of LiBF, had a positive influence on Al
dissolution behavior due to the tendency of passive layer formation [126]. As stated
by Zhang et al., the following stability order of salts was established in a EC/DME
solvent blend: LiBF, > LiPFs > Lilm [124]. The Al pitting in LiTFSI-based
electrolyte could be depressed by LiBF, as co-salt, as shown by Song et al. [127].
By means of electrochemical quartz crystal microbalance (EQCM)—CV and SEM
techniques, the authors revealed passivation of the Al current collector to take place
as well as suppression of the dissolution process in a 0.5 M LiTFSI + 0.5 M LIBF,
in EC/DMC (1:1 by wt.) electrolyte. FT-IR spectroscopy and EDX analysis
indicated AI[N(SO,CF3),]5_, (OH), (y = 0, 1, 2) as the main dissolution product,
RCO,M (M = Al and/or Li) as organic species and lithium oxalate as well as B-F
containing compounds as Al current collector passivation products. In view of these
findings, the LiTFSI + LiBF, salt blend was assumed to increase the resistance of
the Al current collector by passivation [127]. When Al was polarized to high
potential values (5.5 V vs. Li/LiT), a passivation film, formed on the Al surface,
mainly contained AL,BOj3 species [128]. LiBOB was included in several salt blends,
e.g. blends with LiTFSI and LiFSI, due to its Al passivation features [77, 87].

Various approaches were suggested to improve the stability of the Al current
collector at high potentials (>3.8 V vs. Li/Li") in LiFSI-and LiTFSI-based
electrolytes, for instance by using new solvents [52, 129, 130] or by blending
several salts with LiFSI or LiTFSI, e.g. with LiPF, [49], LiBF, [127] and LiBOB
[125].
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3.4 Summary

The conducting salt LiPFg was identified as the skeletal electrolyte component of
SOTA electrolytes; however, its well-known drawbacks limit the performance of
the lithium ion cells beyond the temperature range: —20 to 50 °C. The blending
concept contributes to overcoming the handicaps of the single salt-based electrolyte
with the aim to achieve improvements in the transport properties as well as the
thermal stability of the nonaqueous electrolyte, enhancement of cycling efficiency
of the cell and finally for bringing more safety to consumer electronics. Under the
synergistic effect, salt blends combine the advantages of the individual salts and
result in improved overall cell performance. In this chapter, the effect of different
salt blends on the physicochemical and electrochemical features of nonaqueous
electrolytes for LIB was discussed and compared to the single salt formulations.
Literature examples of blended salt electrolytes that revealed the influence of
blending on anode and cathode performance, suppression or inhibition of Al
dissolution as well as the overall cell performance are summarized in Table 8.
Although a salt-blend approach seems as a promising strategy for tuning the
nonaqueous electrolytes towards improved performance, there are still important
questions left unanswered. Among them, the exact mechanisms of the synergistic
effect of blended salts remain unclear as well as whether the beneficial effect on
electrochemical performance can be maintained at high and low temperatures or not.

4 Blended Additive Containing Electrolytes

For improvement of SOTA electrolyte formulations, the addition of small amounts
of electrolyte additives is a low cost and effective strategy. The specific function of
the additives is directed to: (1) improvement of the interfaces/interphases at anode
and cathode, (2) stabilization of the lithium salt, (3) improvement of safety such as
overcharge protection and flame retardant, (4) improvement of wetting properties,
(5) trapping of undesired components and (6) improvement of -electrolyte
conductivity [131]. In recent years, research expanded from single additives on
the electrolyte additive blends for combining different functions in one electrolyte
formulation. With this in line, in this chapter, the status of research in the field of
blended additive systems is reviewed and comparatively discussed.

4.1 Safety Protection Agents
4.1.1 Flame Retardant Additive Blends

Safety is still a major issue in LIBs due to the high flammability of the nonaqueous
organic solvents present in SOTA electrolytes [131, 132]. Any attempt to decrease
the flammability of the electrolyte, will pave the way for safer LIBs, for instance by
using flame retardant additives [131] or fluorinated compounds as electrolyte
solvents [133-136]. Among flame retardant additives, organophosphorous com-
pounds, i.e. trimethylphosphate (TMP) [137] were well studied for the application in
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Table 8 Major roles of the discussed lithium salt blends in investigated electrolytes

Lithium salt blend Target improvement Investigated electrolyte References
Promoted SEI formation 5 mol% LiBOB in LiPFg-based [107]
EC/PC (1:1 v/v)
5 mol% LiBOB in LiPF4-based
EC/PC/EMC (3:3:4 v/v/Iv)
LiPFg LiBOB Suppressed Mn dissolution in 0.5 M LiBOB + 0.5 M LiPFs-  [72]
LMO based EC/EMC (1:1 v/v)
Improved thermal stability of the
graphite/LMO
Improved conductivity of the
electrolyte for high power
applications
Improved capacity retention of 0.5, 1.0 wt% LiBOB + 1.2 M  [73]
MCMB/NMC full cells at LiPFg in EC/PC/DMC (1:1:3
55 °C by wt.)
LiPFg LiBOB, Promoted SEI formation 0.8 M LiPFg + 0.2 M [77]
LiFSI Stabilization of the Al surface LiFSI + 0.2 M LiBOB in EC/
. EMC (3:7 v/v)
Improved cycling performance
in graphite/Li and graphite/
LFP full cells
LiPFs  LiBOB, Achieving high C-rates up to 0.65 mol kg~ [75]
LiDFOB 1.5C with >80% of the initial LiPFs + 0.05 mol kg~'
specific discharge capacity for LiBOB + 0.05 mol kg"
carbon/NMC full cells LiDFOB in EC/DMSN (80:20
wt.)
LiPFs  LiDFOB Distinct improvement in cycling 0.2 M LiPFg + 0.8 M LiDFOB  [83]
efficiency and specific capacity in EC/PC/DMC (1:1:3 v/v/v)
of artificial graphite (AG)/Li
half-cells
Improvement in cycling
performance of AG/LFP
063048-type cells at 65 °C
Promoted SEI formation 1-5 mol% LiBOB 4+ 1 m [95]
Improved cycling performance LiBF, in PC/EC/EMC (1:1:3)
in graphite/Li half-cells 1-5 mol% LiBOB in I m LiBF,
in PC/EC (1:1)
LiBF, LiBOB Facilitated SEI formation on Cu 0.5 M LiBF, + 0.5 M LiBOB [62]
surface in EC/DEC (3:7 by wt.)
Promoted SEI formation LiBF, + LiBOB blend in PC/ [87]
Improved thermal stability EC/EMC (1:1:3 v/v)
Suppressed Al dissolution
Promoted SEI formation 1 M LiBF; +LiBOB (8:2) in [76]
Wide operating temperature PC/EC/EMC (1:1:3 v/v)
range 1 M LiBE, + LiBOB (8:2) in
PC/EC/EMC:MB
(1:1:2:1 v/vIvIv)
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Table 8 continued

Lithium salt blend Target improvement Investigated electrolyte References
LiBF,  LiTFSI Suppressed Al dissolution 0.2 M LiBF, + 0.8 M LiTFSI [127]
in EC/DMC (1:1)
0.5 M LiBF, + 0.5 M LiTFSI
in EC/DMC (1:1)
LiBF, LiDFOB Improved capacity and capacity 0.2 M LiBF, 4+ 0.8 M LiDFOB  [78]
retention of graphite/LNMO in EC/DMC/EMC (1:1:1 by
full cells at RT and 60 °C wt.)
Improved cycling ability in high 0.8 M LiBF, + 0.2 M LiDFOB
rate cycling at —20 °C in EC/DMC/EMC (1:1:1 by
wt.)
Improved ionic conductivity, 0.5 M LiBF; + 0.5 M LiDFOB  [82]
high thermal stability and wide in EC/PC/DMC (1:1:3)
potential window
LiBOB LiBSO4F, Increased anodic stability of the 0.1 M (LiBSO4F,) + 0.7 M [109]
electrolyte for high potential LiBOB in EC/DMC (1:1 v/v)
applications
Stabilized surface of NMO
electrode
LiFSI ~ LiDFOB Inhibited Al dissolution 0.8 M LiFSI + 0.2 M LiDFOB  [84]
Comparable rate capability to in EC/DEC (1:1 viv)
LiPF¢-based electrolyte
LITFSI LiDFOB Effective suppression of Al 0.6 M LiTFSI + 0.4 M [86]

dissolution

Improved Coulombic
efficiencies

Outstanding thermal and water

stability, suppression of iron
dissolution in LFP-based cells

LiDFOB in EC/EMC (4:6 by
wt.)

LIBs, however a high concentration (>35 wt%) was necessary to suppress the
flammability of the electrolyte formulation [137-140], unfortunately leading to
higher viscosity, lower ionic conductivity and poor graphitic compatibility. One way
to overcome the poor cathodic stability was related to fluorination of organophos-
phorous compounds. This resulted in a formation of an effective SEI [43, 141-143].
Another advantage of the fluorinated compounds refers to their ability to suppress
flammability. The additives investigated in this behalf are displayed in Scheme 4.
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Scheme 4 Molecular structures of the flame retardant additives

@ Springer 38

Reprinted from the journal



Top Curr Chem (Z) (2017) 375:37

Several additive blends combining flame retardant and SEI/CEI formation
features were reported by Nam et al. [144] and Shim et al. [145]. These studies
investigated the performance of 3 wt% triphenylphosphate (TPP) with different
film-forming additives as blends in 1.1 M LiPFs EC/EMC (4:6 v/v) electrolyte for
graphite/LCO full cells. In an additive blend, TPP had the role of a flame retardant
[146-152] by scavenging hydrogen radicals in the flame, thus prohibiting chain
reactions and flame propagation [138, 153]. Additionally, it formed a fire resisting
char layer that suffocated the flame but the flash point was not significantly altered.
This finding indicated decomposition of TPP essential for the action as a flame
retardant [146]. The thermal stability was investigated by means of DSC
measurements. Nam et al. [144] and Shim et al. [145] showed that in case of the
TPP containing blended electrolyte formulation, the endothermic peak could be
shifted to higher temperature by 20 °C compared to the standard electrolyte. The
blend of TPP and vinyl acetate (VA) showed even higher thermal stability since the
endothermic peak could be shifted to higher temperature by 25 °C. Another
example of a flame retardant and film-forming additive blends was reported by He
et al. [154]. Their study focused on the additive blend tri(B-chloromethyl) phosphate
(TCEP) together with cyclohexylbenzene (CHB) in 1 M LiPFs EC/DMC/EMC
(1:1:1 by wt.) electrolyte. TCEP is known as a flame retardant [154], whereas CHB
is an additive that protects the cell during overcharge [155]. He et al. showed that
TCEP absorbs hydrogen radicals during the decomposition and therefore reduces
the possibility of endothermic chain reaction induced by free radicals. As shown in
Fig. 18, the addition of TCEP to the electrolyte reduced the flammability, whereas
the addition of CHB led to an increase. The blend of 5 wt% TCEP and 5 wt% CHB
showed the lowest flammability, indicating a high impact of TCEP on the SET and
therefore improved safety characteristic of the investigated electrolyte.

So far, there has always been a trade-off between achieving non-flammability
and, at the same, time decreasing cell performance (faster capacity fading/lower
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Fig. 18 SET determination of the 1 M LiPFs EC/DMC/EMC (1:1:1 by wt.) electrolyte with TCEP and
CHB as additives. Reprinted from Ref. [154]. Copyright (2007) with permission of Elsevier
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power) or deteriorating physical influences (high melting point/high viscosity) by
using flame retardants in combination with organic solvents [138, 156]. Therefore,
RTILs are considered as one of the safest electrolyte components since they are
flammable only at very high temperatures, non-volatile, and relatively thermally
stable [157, 158], depending on the respective IL composition. Furthermore, they
have a wide liquidus range and relatively wide ESW, in particular a high oxidation
stability of ILs with fluorinated anions [159, 160]. However, IL-based LIB
electrolytes are often highly viscous and thus exhibit low ionic conductivity
compared to conventional nonaqueous electrolytes [22, 161]. Using a small amount
of organic compound as an additive is an alternative way to overcome aforemen-
tioned limitations. On the one hand, these additives will improve the conductivity
by reducing the viscosity. On the other hand, the addition of organic solvents will
significantly affect the flammability and thermal properties of the electrolyte. For
this reason, a non-flammable additive is required to guarantee safe operation of the
cell. Lalia et al. [162] investigated N-methyl-N-propylpiperidinium bis(trifluo-
romethylsulfonyl)imide (PP,5-TFSI) with addition of triethylphosphate (TEP) and
EC in a volume ratio of 80:10:10 in graphite/LMO full cells. The alkylphosphate
TEP showed low viscosity, low melting point, high boiling point, non-flammability
and a relatively high dielectric constant [137]. TEP as an additive was added to
suppress the flammability of the organic electrolyte, to improve the ionic
conductivity, viscosity and thermal stability of the PP,;-TESI-based electrolyte.
The disadvantage of this compound was related to the instability towards reductive
decomposition on the graphite anode surface and a poor long-term cycling stability
[162]. EC, commonly used as electrolyte solvent [163], whereas here in additive
amounts, had the role to form an effective SEI between a graphite-based negative
electrode and the nonaqueous electrolyte. The direct flame test of TEP and EC
binary blend in 0.4 M LiTFSI/PP,3-TFSI electrolyte showed that with an equal ratio
of TEP and EC, the system was completely non-flammable and could thus serve as a
safe electrolyte for LIBs. Furthermore, TEP with a high dielectric constant and low
viscosity was able to increase the ionic conductivity and to improve the
electrochemical performance, as well.

4.1.2 Overcharge Protection Additive Blends

Unlike aqueous electrolyte batteries, where the decomposition of the solvent water
is the basis for ‘the oxygen-cycle’ [164, 165], the nonaqueous (water-free)
electrolyte LIB technology has no intrinsic chemical/electrochemical overcharge
protection included in the battery solvent [166]. Overcharge can result in severe
performance degradation and safety problems [167]. Overcharge protection
additives can be categorized as reversible redox shuttle- and irreversible shut down
additives [131]. One promising class of the latter category are compounds that
polymerize electrochemically on the surface of the cathode or create, by
decomposition, reactive species that induce the polymerization of the base
electrolyte [155, 168-170]. Vinylene [171-174] and isocyanate [175] compounds
are known to electrochemically polymerize both during reduction [176] or oxidation
[177]. The over-charge additives discussed in this behalf are displayed in Scheme 5.

@ Springer 40 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:37

0
P
1”07 0 Nl
™
Cl
Cyclohexylbenzene Biphenyl (BP) Tri(B-chloromethyl)
(CHB) - phosphate (TCEP)

Scheme 5 Molecular structures of the overcharge protection additives

Biphenyl (BP), for instance, was studied as an aromatic shutdown additive
[144, 168, 178]. The mechanism can be described as follows: (1) BP is oxidized at
the cathode side, (2) the oxidized products form through radical coupling a poly(p-
phenylene)-type polymer that is depositing on the cathode surface and growing
through the separator to anode side, creating an electronic short circuit that carries a
part of the over-charge current, (3) the co-generated protons diffuse through the
electrolyte and to the anode side, (4) at the anode are reduced to hydrogen
increasing the internal and cell pressure and (5) the pressure increase in the cell is
activating a current interrupt device (CID) that is interrupting the external current
circuit, this the current causing over-charge is interrupted (Scheme 6) [168, 179].

The oxidation products can be described as condensed aromatic compounds with
a widespread m-electron conjugation system and the bond formation mainly occurs
at the ortho-positions of the phenyl group [178]. However, a high concentration of
BP within the electrolyte would lead to a decrease in lithium cycling efficiency. The
hydrogenated form of BP is CHB and has a higher oxidation potential than BP,
making it more inert towards undesirable side reactions during operation in the
normal voltage range of the cell. CHB also shows higher lithium metal cycling
efficiency than BP, allowing the interpretation that it is more stable towards charged
anode electrodes [155]. BP and CHB both belong to overcharge protection agents
called non-redox shuttle type, with the same overcharge protection mechanism
during electrochemical oxidation [178]. Lee et al. found that the co-use of CHB and
BP in 1 M LiPFg EC/EMC (1:2 v/v) in graphite/LCO full cells is much more
effective for overcharge protection than using BP or CHB alone (Table 9) [180].
The synergistic effect in overcharge protection was proven in pouch cells with a
nominal capacity of 760 mAh by applying a constant current with a voltage limit of

OO — {O-OF =
n

Y Diffusion H, f
+2¢
(cathode) (anode)

Scheme 6 Proposed mechanism of electropolymerization and hydrogen evaluation of BP
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Table 9 Number of the passes over total trials during overcharge tests for graphite/LCO full cells with
various CHB and BP composition in 1 M LiPFs EC/EMC (1:2 v/v) Adapted from [180]

CHB (%) BP (%) 12 V and 1 A passes/trials 12 V and 2 A passes/trials
0.0 0.0 0/3 0/3
3.0 0.0 0/1 12
4.0 0.0 2/2 8/10
3.5 0.5 - 10/10
3.0 1.0 3/3 3/3
3.0 2.0 3/3 3/3
Fig. 19 Electropolymerization Oligo CHB
process for a CHB and Oligo CHB CHB (soluble)
b CHB + PB on Pt electrodes. CHBE r-:.-.l-l hle)
Redrawn from Ref. [180] S U
u PolyBP
47 -49V >465V
CHB & BP

- Poly (CHB-BF)
‘ Poly BF

>49V >465V

(a) CHB (b) CHB+BP

12 V and a magnitude of the current among 0.5, 1 and 2 A. Prior to the overcharge
test, cells were cycled to 4.2 V several times and were fully discharged in the last
cycle. It was shown that the addition of CHB helps to increase the safety in case of
overcharge but the electrolyte containing blend with BP is much more effective than
the CHB containing electrolyte. The blend of CHB and BP expanded the safety
region up to 12 V and 2 A, which the single additive CHB could never reach. This
synergistic effect was studied in electropolymerization measurements on Pt
electrodes and explained as following (Fig. 19): CHB alone formed a polymer
film on the Pt surface above 4.9 V. At lower values, the oxidation products of CHB
seem to be too soluble to precipitate or the adhesion to the Pt surface is too weak.
By increasing the concentration of the oxidation products, a polymer film can be
formed on the surface.

In contrast, when using the blend, BP formed a polymer film from 4.65 V. The
formed poly-BP film, resulting in much more effective polymer deposition on the
surface, catalyzes the oxidation of CHB and probably BP. The application of a
shutdown and flame retardant additive at the same time was disclosed by He et al.
[154]. Here, the electrolyte blend contained 5 wt% CHB as shutdown and 5 wt%
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TCEP as flame retardant additive to improve the safety characteristics of the
investigated cells. Hereby, the surface analysis of LiCoO, electrodes after
overcharge indicates a polymer film on the surface, which can be attributed to
CHB. Furthermore, the temperature change during overcharge showed an exother-
mic peak after 30 min, which proves the exothermic polymerization process of
CHB. This generated heat can be absorbed by chloroethane, a decomposition
product of TCEP. Through this synergistic effect, the increase of temperature can be
delayed.

4.2 SEI and CEI Film-Forming Additive Blends

Utilization of electrolyte additives that form in situ SEI on the anode/CEI on the
cathode side is one of the most effective methods to suppress further electrolyte
decomposition and protect the electrode active material from degradation, thus
decreasing the internal resistance of the cell [131, 181, 182]. A blend of different
film-forming additives can be used either to form an effective SEI and CEI at the
same time or to strengthen the surface film-formed by one single additive. Small
amounts of organic solvents as additives were used to form an electrochemically
effective SEI prior to reduction of IL [131, 183, 184]. With this in line, Kim et al.
investigated a binary additive blend based on 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP-TFSI) with 10% (1:1 by wt.) VC and
1,3-propane sultone (PS) (Scheme 7) in LTO/LCO full cells [185]. VC is a well-
known and intensively studied SEI additive [143, 174, 186-188]. It improves
thermal stability of the surface layer due to the formation of polymeric species
[189], well known also for other vinylene compounds [138—141]. Furthermore, PS is
able to form an SEI on the anode [184, 190-192]. Xu et al. [184] reported PS
containing electrolyte formulations to modify the cathode surface, which resulted in
an improved cycling performance. The addition of organic solvents suppresses the
reductive decomposition of BMP-TFSI. Moreover, high discharge capacities and
improved capacity retention could be achieved by using the combination of
VC + PS. FTIR measurements of the blended system showed that the film on the
LTO electrode surface consists of a polymeric/organic and inorganic salt species
blend and was more compact and dense when using the additive blend instead of VC
or PS alone [185].

Additionally, VC is a well-known and studied SEI additive for silicon (Si)-based
electrodes [193, 194]. This alternative anode material displayed a high theoretical Li
storage capacity, volumetric capacity as well as gravimetric capacity [195, 196].
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Vinylene carbonate (VC) 1.3-Propane sultone (PS) Fluoroethylene carbonate (FEC)

Scheme 7 Molecular structures of the film-forming additives
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Fig. 20 a A schematic diagram showing the thermal events in the Li,Si—Ref system that occur while
heating up to 200 °C (route A). Thermal degradation of the SEI layer makes it porous and permeable to
the electrolyte components, such as EC, DEC, and LiPF,. Direct contact between the components and
Li,Si initiates the thermal runaway. The thermal reactions of Li,Si that was lithiated in the Ref
electrolyte, washed, dried and heated in contact with either FEC10 or VC10 are shown in route B. Upon
thermal degradation, the FEC and VC additives in contact with Li,Si provide the “secondary SEI” layer,
which does not allow direct interaction between Li,Si and the electrolyte. b A schematic diagram
showing the protective function of the FEC- and VC-derived SEI layers on the surface of the lithiated Si
nano-particles during heating up to 200 °C. The SEI layer, which forms electrochemically, is mostly
composed of a polymeric species and shows excellent stability at elevated temperatures. ¢ A schematic
drawing of the formed SEI in the presence of both additives FEC and VC. The inner shell mainly consists
out of lithium alkyl carbonates (yellow), whereas the outer shell mainly consists out of polycarbonates
(green). Redrawn from Ref [143, 202]. Copyright (2013 and 2016) with permission of Elsevier and ACS

However, large volume expansion upon extraction and insertion of Li led to a
decreased electronic conductivity resulting in capacity fading [197]. Besides VC,
fluoroethylene carbonate (FEC) (Scheme 7) is another thoroughly studied SEI
additive for Si-based electrodes [198-201]. The thermal stability of VC and FEC
was studied by Profatilova et al. [143]. The authors showed that the SEI formed by
the 1 M LiPF¢ in EC:DEC (3:7 by wt.) electrolyte cracked open by heating up to
200 °C, thus resulting in a formation of a permeable SEI layer. This allowed the
electrolyte to interact with the Li,Si nano-particles. When using the electrolyte
containing either 10 wt% VC or FEC, a so-called secondary SEI layer could be
formed. The decomposition reactions driven by VC or FEC were similar and
resulted in formation of polycarbonates, thus preventing direct contact between the
electrolyte formulation and Li,Si nano-particles. It was induced immediately when
the SEI cracked open at elevated temperatures (Fig. 20a). Furthermore, VC and
FEC formed a so-called primary SEI layer during charge, which was mainly formed
by polycarbonate species. The decomposition layer of 1 M LiPFg in EC:DEC (3:7
by wt.) was formed on top of it. By heating up this electrode to 200 °C only the
outer shell of the primary SEI cracked open. Nevertheless, the Li,Si nano-particles
were still protected by the polymers formed by either VC or FEC, preventing the
contact between the electrode and electrolyte (Fig. 20b).
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The combination of both SEI additives for the application of Si anode materials
was first studied by Mazouzi et al. [203]. The investigated electrolyte was 1 M
LiPFg in either EC/DMC (1:1 by wt.) or EC/DEC (1:1 by wt.) with 10 wt% FEC and
2 wt% VC in Si/Li half-cells. They showed that using this additive blended
electrolyte formulation, the kinetics of the electrolyte degradation was slowed down
due to the prior reduction of VC and FEC compared to EC. The reduction products
were more stable and limited the EC reduction, thus resulting in a strongly improved
cycling performance. The work of Gauthier et al. [204] confirmed those results.
They used 1 M LiPFg in EC/DEC (1:1 by wt.) with 10 wt% FEC and 2 wt% VC as
a blended electrolyte formulation in Si/Li half-cells. The cells could be charged up
to 900 cycles with a Coulombic efficiency of 99%. The synergistic effect of both
SEI additives was studied by Lindgren et al. in Si/Li half-cells containing 0.6 M
4,5-dicyano-2-(trifluoromethyl) imidazolide (LiTDI) in EC/DMC (2:1 v/v) with
5 vol% FEC and 1 vol% VC [202]. Besides the improved cycling performance up to
100 cycles with a Coulombic efficiency of 99%, they showed the importance of
LiTDI and the blended electrolyte formulation. The additive blend significantly
contributed the SEI formation; otherwise, an ineffective SEI was formed and
accelerated lithium silicate formation. LiTDI was only partially involved in the SEI
formation, whereas the main part was LiF, formed by decomposition of FEC. The
formed SEI consisted of an inner and outer shell. The inner shell mainly consisted of
the decomposition products driven by the lithium alkyl carbonates, whereas the
outer shell mainly of polycarbonates (Fig. 20c). They claimed that the high content
of LiF as well as the large extent of polycarbonates was essential for the cycling
performance of Si anodes. Furthermore, as mentioned above, Nam et al. [144] and
Shim et al. [145] studied blended additive electrolytes containing the flame retardant
TPP together with different film-forming additives such as vinyl ethylene carbonate
(VEC), biphenyl (BP), VA and VC. Their molecular structures are displayed in
Scheme 8.

VEC could be reduced at potentials above 1 V vs. Li/Li* due to the electron-rich
double bond and was therefore found to be a good SEI-film-forming additive
[127, 205-211]. During reduction on the anode, VEC polymerizes with the major
film components Li,CO3 and ROCO,Li. When the concentration of VEC is low,
ROCO;Li formation will be small. This results in an improved electrochemical
performance, whereas a high content of VEC suppresses the formation of Li,CO3
causing an adverse effect on the cycling performance [208]. Additionally, VEC is
able to form a CEI layer even at elevated temperatures [206, 212, 213]. BP is able to

QO,‘%; &y OO don , 1
%
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inyl ethylene Biphenyl (BP) inyl acetate  Fluoroacetone
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N

Triphenyl phosphate (TPP)

Scheme 8 Molecular structures of the film-forming additives
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form a thin CEI film when only present in small amounts (0.1 wt%), which prevents
further electrolyte decomposition on the cathode side [214]. However, the use of BP
had several drawbacks, e.g. poor lithium cycling efficiency due to the reaction with
lithium metal and no oxidation stability during prolonged storage or cycling
[168, 169]. VA is known to form a SEI layer on the anode surfaces, resulting in an
enhancement of cycling performance [215, 216]. This film-formation was due to the
reduction of the vinyl group induced by electro-polymerization [171-173, 216]. As
previously stated, TPP was used as a flame retardant additive to increase the thermal
stability. However, in an amount of up to 10 vol%, TPP influenced the surface
chemistry on both electrodes, whereas the cycling performance and capacity
retention were not affected [146, 148]. On the cathode side, high additive
concentration gave rise to the formation of a thick protective layer. On the anode
side, TPP did not go through electrochemical reduction but it participated in the SEI
layer formation by chemical reaction [147, 217]. Furthermore, the cell impedance
increased which affects the cycling performance and the electrochemical stability
up to 5V vs. Li/Li* [148, 150, 152, 217]. Nam et al. [144] and Shim et al. [145]
found that all blended additive electrolyte formulations of 3 wt% TPP with 1 wt%
VEC, VA, VC or 0.1% BP in 1.1 M LiPFg¢ in EC/EMC (4:6 v/v) showed an
improved cell performance compared to the single additive electrolyte formulations
containing TPP. Furthermore, the electrochemical stability, the irreversible
capacity, the Coulombic efficiency and the rate capability were improved, as listed
in Table 11. The TPP + BP containing electrolyte showed better cycling stability
than the electrolyte with TPP + VEC blend. Moreover, the electrolyte formulation
containing TPP + BP was able to maximize the discharge capacity and to reduce
the cell impedance. This showed that BP can improve the cell performance and
thermal stability better than VEC [144]. By comparing the effect of VA or VC in the
binary electrolyte formulation, the VC containing formulation showed the best
enhancement in thermal stability and cell performance [145]. In addition, Shim et al.
[218] investigated the ternary blend of TPP with VA + VC and the blend of TPP
with VEC + BP. Both additive blended electrolytes displayed high electrochemical
stability up to 4.9V vs. Li/Li*. The impedance of a cell containing
TPP + VEC + BP could be reduced during cycling and therefore the specific
discharge capacity was maximized. Furthermore, the cycle life performance was
better for the TPP + VEC + BP blend than for the TPP + VA + VC blend. With
this in line, Shim et al. [218] reported TPP + VEC + BP additive blend in organic
carbonate-based electrolyte formulation to contribute to the improved cell
performance and thermal stability (Table 10).

VC, known as one of the most common SEI forming additives, could only be
used in concentrations up to 2% as higher concentrations led to a larger charge
transfer resistance, especially at the graphite electrode [219]. For this reason, other
SEI forming additives were investigated in combination with VC. For instance,
Kriamer et al. [220, 221] investigated 1 wt% VC with 1 wt% fluoroacetone (FA) in
1 M LiPFg in PC electrolyte using graphite/Li half-cells. PC-based electrolyte
formulations showed a poor comparability with graphite electrodes, because the PC
molecules co-intercalated into the graphite structure thus resulting in exfoliation
[187]. FA was able to suppress this phenomenon by forming a protective SEI [220].
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Table 10 Comparison of the effects of the addition of one or two film-forming additives (VEC, BP, VA,
VC) to the electrolyte formulation containing 3 wt% TPP in terms of irreversible capacity, Coulombic
efficiency and capacity retention

Coulombic
efficiency (%)

Capacity retention
(40 cycles) (%)

Electrolyte formulation Irreversible capacity

1.1 M LiPFs EC/EMC (4:6 v/v) 2.5 mAh g~ [144],  98.1 [144], 68 [144],
0.39 mAh [145] 89.0 [145] 67 [145, 218]
1.1 M LiPFs EC/EMC (4:6 v/v) + 3% 3.3 mAh/g [144], 97.4 [144], 65 [144],
TPP 0.83 mAh [145] 77.0 [145] 64 [145, 218]
1.1 M LiPFs EC/EMC (4:6 v/v) + 3% 2.1 mAh g~' [144]  98.4 [144] 70 [144]
TPP + 1% VEC
1.1 M LiPFs EC/EMC (4:6 v/v) + 3% 0.8 mAh g~' [144]  99.4 [144] 75 [144]
TPP + 0.1% BP
1.1 M LiPFs EC/EMC (4:6 v/v) + 3%  0.72 mAh [145] 81.0 [145] 70 [145]
TPP + 1% VA
1.1 M LiPFg EC/EMC (4:6 v/v) + 3%  0.31 mAh [145] 91.0 [145] 68 [145]
TPP + 1% VC
1.1 M LiPFs EC/EMC (4:6 vIv) + 3% — - 69 [218]
TPP + 1% VA + 1% VC
1.1 M LiPFs EC/EMC (4:6 v/v) + 3% - - 71 [218]

TPP + 1% VEC + 0.1% BP

Reactive species like radical anions, formed during reduction, were able to
eliminate fluorine anions. This resulted in an increase of the LiF amount in the
formed SEI [221]. The combination of two different SEI additives in 1 M LiPFg in
PC led to stable cycling performance in graphite/Li half-cells. Furthermore, a higher
capacity retention, a higher first cycle charge/discharge efficiency and a good
discharge rate could be achieved [220]. The formed acetone and VC radical species
reacted with each other and formed copolymers responsible for the aforementioned
improvements [221]. The postulated mechanism is illustrated in Scheme 9.
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Scheme 9 Postulated reductive decomposition mechanism of FA in the presence of VC. Redrawn from
[221]
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Scheme 10 Molecular structures of the film-forming additives

Another possibility to improve the SEI formation by VC was to add sulfur-
containing additives, known for SEI formation on the negative electrode
[133, 174, 222-224]. Li et al. [223] and Ota et al. [222] suggested that the formed
SEI in presence of sulfur containing additives contained both inorganic materials
like Li,SOj3 and organic compounds like ROSO,Li. These organic sulfur-containing
additives reacted at the graphite surface in such a way that sulfur was incorporated
into the SEI film. Zhang et al. [225] and Han et al. [226] studied the combination of
1.5 wt% VC and PS in 1 M LiPFg in EC/EMC (3:7 by wt.) in graphite/NMC and
graphite/Li half-cells (Scheme 10). This additive blend led to a SEI formation that
combines the advantages of both electrolyte additives resulting in an improved
cycling performance: (1) PS was responsible for the formation of lithium
alkylsulfonate which gave rise to higher conductivity and (2) VC led to the
formation of poly(VC) resulting in an improved stability of the SEI. Additionally,
Xia et al. [219, 227] studied the effect of the homologous series of cyclic sulfate
additives including ethylene sulfate (or 1,3,2-dioxathiolane-2,2-dioxide) (DTD),
trimethylene sulfate (or 1,3,2-dioxathiane 2,2-dioxide) (TMS), propylene sulfate (or
4-methyl-1,3,2-dioxathiolane-2,2-dioxide) (PLS) and PS either as a single additive
or in combination with VC in 1 M LiPFs EC/EMC (3:7 by wt.) electrolyte
(Scheme 10). As DTD, TMS and PLS have the same SO, unit bonded to a different
position in hydrocarbon ring, the impact of the ring size could be studied. DTD has
a low LUMO energy and could therefore be easily reduced forming a SEI film
which prevented further electrolyte decomposition [228]. Sano et al. suggested that
the SEI formed by DTD is due to one electron reduction of the sulfur atom to form a
DTD anion radical which could react further with another DTD molecule to form a
PEO like polymer and Li,SO5; [229]. Furthermore, it was possible to use DTD as a
co-solvent for a PC containing electrolyte formulation to fully prevent solvent co-
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intercalation and graphite exfoliation [230] and to reduce the volume expansion due
to gas formation [228], which was reported to happen in PC electrolytes without the
additive [231, 232]. No positive influence on the cycling performance of the
graphite could be achieved in the presence of TMS as a single additive, due to the
formation of a small amount of sulfate compounds at the electrode surfaces [233].
For the PLS additive containing electrolyte formulation, no improvement compared
to the VC containing electrolyte blend could be observed [219]. The results of the
blended additive-containing electrolytes were compared with the results from other
groups on methylene methanedisulfonate (MMDS) (Scheme 10). MMDS contain-
ing electrolyte is able to form a thinner CEI film on the cathode surface, as
compared to the reference electrolyte. This resulted in a reduction of the charge
transfer impedance and in a high Li* ion mobility [234, 235]. Amounting to
1-3 wt%, the additive components were added into the LiPF¢-based EC/EMC (3:7
by wt.) electrolyte and investigated in graphite/NMC pouch cells. Xia et al. [219]
showed that DTD can compete with VC as a single additive, however large amount
of gas generation during the formation had to be considered. PLS was not effective
neither alone nor in combination with VC and the blend of VC with either DTD,
TMS or MMDS led to a better performance. The TMS + VC additive blend
containing electrolyte did not gave rise to a significant amount of gas generation
during the formation step of graphite/NMC full cell, balanced to operate at 4.2 V.
Figure 21 depicts the direct comparison between the three different blended
electrolyte formulations in the Coulombic inefficiency, the charge end point
capacity slippage, the charge transfer resistance and the voltage drop. Furthermore,
Xia et al. demonstrated that the synergistic effect could be either beneficial or
detrimental in the additive combination of either PS + VC or MMDS + VC [227].
The electrolyte formulation containing MMDS + VC blend was able to improve

Average Ret AverageCh Sh

—12 wt% VC
=2 wt% DTD

2wW% VC +1 w1% DTD

\verage in Vd =2 wt% VC +2 wt% TMS

—2 W% VC +1 wt% MMDS

Fig. 21 A “spider” plot that compares the best blends of the additive VC with DTD, TMS and MMDS.
The four axes represent the Coulombic inefficiency (1-CE), the charge end point capacity slippage (Ch.
Sli), the charge transfer resistance after cycling (Rcr) and the voltage drop during storage (Vy). The axes
have been scaled so that 100% is the value of the additive that has the largest value of each parameter.
The best additive blend would have values closest to the center of the plot. Reprinted from Ref.
[219].Copyright (2014) with permission of ECS
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the cycling performance and decreased the swelling of the cell compared to the
single additive containing electrolyte formulation. In the case of the of PS + VC
additive blended electrolyte, no improvement compared to the single additive
containing electrolyte formulation could be achieved in respect to the cycling
performance. Furthermore, the PS 4+ VC blend-containing electrolyte showed a
drastic increase in the cell impedance, whereas the electrolyte formulation with
MMDS + VC additive blend resulted in a decrease compared to the single additive
electrolyte formulation. In case of the ternary VC + PS + MMDS blend-containing
electrolyte, a decrease of the cell impedance compared to the binary PS + VC
blended electrolyte could be observed, but compared to the binary MMDS + VC
blend-containing electrolyte, the cell impedance was increased. It could be
concluded that the additive PS has a detrimental influence on electrochemistry in
combination with VC and MMDS.

The work performed by Sinha et al. focused on organophosphorous compounds,
containing a tris(trimethylsilyl) (TMS) group, as additives regarding their possible
application as high-voltage additives [236]. TMS-based additives found multiple
considerations in research [237, 238]. It was suggested that tris(trimethylsilyl)
phosphate (TTSP) and tris(trimethylsilyl) phosphite (TTSPi) as additives could help
to improve the cycling performance of lithium ion cells at high voltage and/or
elevated temperature (Scheme 10) [239].

TTSP was reported to be able to replace EC in the Li™ solvation shell and to form
a CEI film without increasing the acidity at the cathode interface; acidity, which
would be the result of electrolyte solvent oxidation. This effect can be explained by
a proton transfer to another TTSP molecule or an intramolecular oxidation instead
of a proton transfer to the electrode surface. The presence of this CEI was the reason
behind the significant improvement in cycling performance, the decrease in cell
impedance and the reduction of transition metal dissolution [240-244]. TTSPi is
involved in formation of the CEI film on the cathode surface [245-249] due to the
lower oxidation and reduction potential compared to EC [248], resulting in
preferential oxidation [249]. Sinha et al. compared the performance of 1, 2 or 3 wt%
TTSP or TTSPi together with 2 wt% VC as a binary additive blended 1 M LiPFg
EC/EMC (3:7 by wt.) electrolyte in graphite/NMC pouch cells [236]. They showed
that TTSP or TTSPi do reduce the overall cell impedance. However, in the binary
blends of either VC + TTSP or VC + TTSPi, the cell impedance was increased.
The best-blended system among investigated, consisted of 2 wt% VC and 1 wt%
TTSPi and could lead to a longer cycle life, longer calendar life and reduced
impedance compared to cells with electrolytes containing only VC. Ma et al. [250]
and Wang et al. [251] combined sulfur and phosphorus containing film-forming
additives (mentioned above) with organophosphorus compounds and studied their
impact on the cycling performance as a ternary or quaternary systems. As listed in
Table 11, all investigated electrolyte blends showed higher Coulombic efficiencies
and lower charge end-point capacity slippage rates compared to electrolyte
formulations containing VC as a single additive, thus pointing out a reduction in
parasitic reaction rates. Furthermore, the self-heating rate was decreased indicating
a thermally stable SEI on the anode. A more effective passivation layer on both
electrodes was formed, represented by lower charge transfer impedance after
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Table 11 Summary of the electrolyte additive combinations discussed in the text and their amount in the
electrolyte formulation 1 M LiPFs EC/EMC (3:7 by wt.) in graphite/NMC full cells

VC (%) TMS (%) DTD (%) MMDS (%) TTSP (%) TTSPi (%)
2.0 1.0 - - 0.5 0.5

2.0 1.0 - - -

2.0 - 1.0 - 0.5 0.5

2.0 - 1.0 - - 1.0

2.0 - - 1.0 0.5 0.5

2.0 - - 1.0 - 1.0

cycling compared to the single additive formulation. Additionally, the gas
generation during cycling was the same or less as compared to the VC containing
electrolyte formulation. All investigated blended electrolyte formulations led to
improved safety and longer cycle life with better power capability of the resulting
LIBs.

The additives MMDS (1 wt%) and TTSPi (1 wt%) were also investigated
together with 2 wt% prop-1-ene-1,3 sultone (PES) in 1 M LiPFs EC/EMC (3:7 by
wt.) using graphite/NMC full cells by Ma et al. [252, 253], Nie et al. [254] and
Madec et al. [255] (Scheme 10). These additive blended electrolyte formulations
improved the capacity retention, reduced the cell impedance as well as suppressed
gas formation significantly. PES has a similar structure compared to PS, but has a
more positive reduction potential, which made the resulting SEI more effective
[256, 257]. However, Madec et al. also reported that blend of 2 wt% PES + 1 wt%
MMDS + 1 wt% TTSPi displayed a capacity loss and an impedance increase when
the cell was charged for a long time at potentials above 4.4 V vs. Li/Li* due to the
relatively poor stability of the sulfite species [255]. XPS studies showed that the
preferential reaction of MMDS and PES was responsible for more effective SEI and
CEI formation. Therefore, a better capacity retention could be achieved, accom-
panied by reduced gas formation. In addition, they found that TTSPi reacted at the
graphite surface before the cell was fully charged. Furthermore, Ma et al. compared
the impact of VC or PES in the combination with MMDS and TTSPi in 1 M LiPFq
EC/EMC (3:7 by wt.) as a blended electrolyte formulation [258]. The PES
containing blended additive electrolyte formulations showed a better capacity
retention as compared to that of the VC containing one (Fig. 22). The cells
containing the additive blend 2 wt% PES + 1 wt% MMDS + 1 wt% TTSPi
showed the highest capacity retention which is more than 80% of the initial capacity
after 900 cycles at 55 °C. The thermal reactivity for the charged graphite electrode
was lower for the PES + VC containing blends, which resulted in a significant life
improvement of these LIBs. This was investigated by means of an ARC experiment
where 140 mg lithiated graphite reacted with 140 mg of the electrolyte formulation
containing 2 wt% of the selected additive. For both additive blended electrolyte
formulations, the exothermic feature was significantly decreased.

Burns et al. investigated a binary additive blend containing VC in combination
with trimethoxyboroxine (TMOBX) in 1 M LiPFs EC/EMC (3:7 by wt.)
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Fig. 22 a Capacity versus cycle number for graphite/NMC111 pouch cells (unclamped) containing
selected additives or additive blends in the range from 2.8 and 4.2 V, at 55 °C and 80 mA. b Capacity
versus cycle number for graphite/NMC442 pouch cells (unclamped) containing selected additives or
additive blends. The cycling was performed between 3.0 and 4.4 V at 45 °C and at 100 mA. Reprinted
from Ref. [258]. Copyright (2015) with permission of ECS

(Scheme 11) [259]. Mao et al. showed that the presence of this methoxy-group in
TMOBX helps to reduce the capacity loss during cycling more effectively than the
(BO); ring alone [260]. Furthermore, TMOBX in amounts of less than 1% is a very
useful additive to decrease the cell impedance [261]. Graphite/Li half-cell
investigations showed that the presence of TMOBX increases the rate of parasitic
reactions. The first cycle irreversible capacity was increased and no effective SEI
layer could be formed [262]. However, Burns et al. [259] and Petibon et al. [263]
pointed out that 2 wt% VC together with 0.3 wt% TMOBX reduced the cell
impedance but the Coulombic efficiency became slightly lower in case of graphite/
LCO full cells. When cycling in graphite/NMC full cells, the cell impedance and
Coulombic efficiency remained unchanged whereas the capacity retention at
elevated temperature was slightly improved. It could be concluded that the impact
of TMOBX as an additive strongly depends on the used electrode and electrolyte
formulation.

To improve the cycling stability, additives based on an organic heterocyclic ring
structure were electrochemically studied. Nie et al. investigated pyridine boron
trifluoride type molecules such as pyridine boron trifluoride (PBF) as additives for
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high-voltage applications (Scheme 11) [264]. The structure of PBF consists of two
major functional groups, BF; as a Lewis acid and an amine Lewis base. Amine
functional groups are known as corrosion inhibitors for metals and were therefore
considered to decrease the transition metal dissolution from NMC electrode [265].
The BF; group as an anion receptor was speculated to react with LiF and dissolve it
out of the surface layer resulting in lower impedance [266]. For this reason, PBF
type molecules were assumed to be able to control the impedance growth during
cycling [131, 254]. The blended electrolyte formulations containing 1 wt% PBF-
type molecules together with MMDS or DTD (1 wt%) were investigated in
graphite/NMC full cells containing 1 M LiPFs; EC/EMC (3:7 by wt.) electrolyte
(Scheme 11). In presence of MMDS and the PBF-type additives as blend, the
impedance of the cells could be reduced. Furthermore, the PBF-type additives
helped to increase the Coulombic efficiency of the investigated blends. The
PBF + MMDS and PBF + DTD additive blends seemed to be a promising
candidate for high-voltage application. However, the electrolyte oxidation could not
be suppressed [264]. In addition, by introducing another nitrogen atom into the ring
structure a second Lewis acid such as BF; is necessary, as studied by Nie et al. [264]
and Ma et al. [252]. The authors combined 0.5 wt% pyrazine di-boron trifluoride
(PRZ) with 1 wt% MMDS or DTD in 1 M LiPF¢s EC/EMC (3:7 by wt.) in graphite/
NMC full cells (Scheme 11). The cycling performance was found to be improved
and PRZ + MMDS additive blend was found to be a very effective for LIBs
regarding Coulombic efficiency, impedance control and capacity loss. Recently, Nie
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et al. [265] investigated additives consisting of the same amine Lewis base group as
PBF but they varied the Lewis acid group. Pyridine phosphorus pentafluoride (PPF)
containing a PFs instead of BF; and pyridine sulfur trioxide (PSO) using a SO3 as a
Lewis acid (Scheme 11). The 1 M LiPFgs in EC/EMC (3:7 by wt.) electrolyte
formulation was enriched either with a single additive or in combination with DTD,
VC or triallyl phosphate (TAP) (Scheme 11). TAP was already studied as a single
additive for high voltage lithium-ion cells and it was shown that TAP leads to higher
Coulombic efficiency since it polymerizes at the surface of the anode and the
cathode creating thick stable surface films. However, large amounts of TAP
(>3 wt%) led to increased cell impedance [267]. The obtained results indicated high
impedance in the cells containing the combination of TAP with PBF or PPF in
investigated electrolyte. When comparing the open circuit potential (OCP) after
storage at 4.5 V and 60 °C for 500 h, the blend of 2 wt% VC with 1 wt% PSO
showed improved storage properties compared to electrolyte containing VC alone.
The combination of 2 wt% VC and 1 wt% PBF or PPF did not show any
improvement. However, the investigated DTD + PBF and DTD + PFB additive
blend-containing electrolytes displayed a significant improvement as confirmed by
the higher Coulombic efficiency, lower charge end point capacity slippage, low and
stable impedance and no gassing during tests at 4.5 V and 40 °C. In summary
aforementioned combination showed high potential for further investigations in
high voltage graphite/NMC full cells [265].

4.3 Blended Electrolytes with Salt Stabilizer Additives

Residual trace amounts of impurities such as water and HF cannot be completely
prevented from nonaqueous electrolytes, as well as other LIB cell components even
for battery grade products. The formed HF is known as the main reason for the
dissolution of cathode materials [67, 131]. For instance, LMO suffers from severe
capacity fading after storage at elevated temperature, associated to Mn>" dissolution
induced by HF [268, 269]. One solution is based on decreasing the water and HF
content by stabilizing the electrolyte. H,O and HF can be stabilized through
hydrogen bonding bridge with molecules such as ethanolamine (MEA) leading to an
improved cycling performance [270]. Yamane et al. [271] and Li et al. [272] used
single additives hexamethyldisilazane (HMDS) and heptamethyldisilazane
(HEMDS) in LiPFg-based electrolytes to successfully eliminate HF from the
electrolyte. The binary blend of both mentioned additives, MEA 4+ HEMDS, as an
electrolyte salt stabilizer was studied by Wu et al. (Scheme 12) [273].

The same group investigated the storage behavior of LMO exposed in air as well
as in LMO/Li half-cells at a temperature of 60 °C. The blend of 1 vol% MEA and

Scheme 12 Molecular

structures of the salt stabilizer HO N
\ . ~ - /
additives \/\Nl I P g

Ethanolamine (MEA)  Heptamethyldisilazane (HEMDS)
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3 vol% HEMDS in 1 M LiPFy EC/DMC/EMS (1:1:1) electrolyte was found to
suppress Mn”" dissolution as well as the formation of amorphous LMO/electrolyte
degradation products, i.e., as A-MnO, with small amounts of MnF, and LiF, thus
resulting in improved storage performance. The authors proposed the following
mechanism: (1) LiPFg reacts with water and produces HF (2) and (2) the mentioned
degradation products will be generated through a disproportionation reaction of
Mn’" at the surface of LiMn,O, induced by HF (3). Theoretical calculations
performed by Zhang et al. [274] showed that both H,O and HF can be stabilized by
MEA through hydrogen bridge bonding. HEMDS can eliminate HF by forming the
salt compound (4). Since both additives were able to interact with the formed HF
simultaneously in different ways, HF can be effectively removed.

LiPF+H,0 ——>  LiF + POF; + 2HF (2)

2LiMn,0, + 4HF ———> 3] - MnO, (s) + MnF, + 2LiF + 2H,0  (3)

<~ . ped -
/SI\N,Sl\ + HF ——> /SLH,S1\ (4)

4.4 Summary

Using selected additive blends can be more effective than using a single additive, as
indicated through the described and discussed examples. This approach represents a
very promising way to optimize electrolyte functionalities as selected and
investigated additives show ability to compensate for each other’s disadvantages.
All, in this chapter, reviewed additive blends in corresponding electrolyte
formulations are listed in Table 12.

Although, many research groups have been and are still working in this field,
additive blended electrolyte formulations still require further and deeper investi-
gation. With this in line, the synergistic effect of the used additives has to be studied
in more detail in order to completely understand their main operation, failure
mechanisms as well as the synergistic interplay in the electrolyte matrix.

5 Concluding Remarks and Perspectives

One of the critical barriers hindering the further progress and development of LIBs
for custom tailored applications is addressed to the electrolyte. In this respect,
chemistry and synergy between different electrolyte components are playing a
significant role. This review paper highlighted activities in the field of nonaqueous
electrolytes containing solvent, salt, as well as additive blends towards improved
overall lithium ion cell performance. Blending of properly selected electrolyte
constituents appears to be a very promising way to optimize electrolyte functions

Reprinted from the journal 55 @ Springer



Top Curr Chem (Z) (2017) 375:37

Table 12 Overview of the investigated additive blends including the used electrolyte formulation,

electrode system as well as their function

Additive blend Electrolyte Electrodes  Target improvement  References
TPP + VEC 1.1 M LiPFs  Graphite/ Flame retardant, SEI [144, 145]
TPP + BP EC/EMC LCO
(4/6 vIv)
TPP + VA
TPP + VC
TCEP + CHB 1 M LiPFq Graphite/ TCEP: reduced [154]
EC/DMC/ LCO flammability
EMC (I:1:1 CHB: overcharge
by wt.) protection
TEP + EC 04 M Graphite/ EC: Lower viscosity ~ [162]
LiTFSI/ LMO and increased
PP13-TFSI conductivity
TEP: Reduced
flammability
BP + CHB 1 M LiPFq Graphite/ Overcharge protection  [180]
EC/EMC LCO
(1:2 viv)
VC + PS BMP-TFSI LTO/LCO  SEI [185]
FEC + VC 1 M LiPFq Si/Li SEI [202-204]
EC/DMC Improved cycling
(1:1 by wt.) performance
1 M LiPFq4
EC/DEC
(1:1 by wt.)
0.6 M LiTDI
EC/DMC
(2:1 viv)
VC + FA 1 M LiPF¢ Graphite/Li  SEI [220, 221]
PC
VC + PS 1 M LiPFq Graphite/ SEI [225, 226]
EC/EMC NMC SEI
(27 viv) Graphite/Li
1 M LiPFg Graphite/
EC/EMC LCO
(3:7 by wt.)
VC + DTD 1 M LiPFq Graphite/ SEI and CEI [219, 227]
VC + TMS EC/EMC NMC
3:7 by wt.
VC + PLS (3:7 by wt.)
VC + PS
VC 4+ MMDS
VC + TTSP 1 M LiPFg Graphite/ Improved cycling [236]
VC + TTSPi EC/EMC NMC performance
(3:7 by wt.)
VC + TMS 1 M LiPFq Graphite/ SEI [250, 251]
VC 4+ DTD EC/EMC NMC Improved cycling
MMDS + TTSP (3:7 by wt) performance
MMDS + TTSPi
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Table 12 continued

Additive blend Electrolyte Electrodes  Target improvement References
PES 4+ MMDS + TTSPi 1 M LiPF, Graphite/ SEI [250, 252, 254, 255]
EC/EMC NMC442 Improved cycling
(3:7 by wt.) performance
VC + MMDS + TTSPi 1 M LiPF, Graphite/ PES: improved [258]
PES + MMDS + TTSPi EC/EMC NMCIl111 cycling performance
(3:7 by wt.) 4.4 V), compared to VC
Graphite/
NMC442
4.7V)
VC + TMOBX 1 M LiPFg Graphite/ Improved cycling [259, 263]
EC/EMC LCO performance
(3:7 by wt.) Graphite/
NMC
PBF-type + MMDS 1 M LiPFq Graphite/ Improved cycling [252, 264]
PBF-type + DTD EC/EMC NMC performance
(3:7 by wt.)
PRZ + MMDS
PRZ + DTD
PBF + DTD 1 M LiPF¢ Graphite/ TAP + PBF,
(3:7 by wt.) impedance
PBF + TAP
PPF + DTD
PPF + VC
PPF + TAP
PSO + DTD
PSO + VC
PSO + TAP
VC + PBF,VC + PPF: [265]
No improvement
DTD + PBF,
DTD + PPF:
Improved cycling
performance
MEA + HEMDS 1 M LiPFq LMO/Li Decreased Mn [273, 274]
EC/DMC/ dissolution
EMS (1:1:1 Stabilization of HF
by wt.) and water

through the ability of blended components to compensate for each other’s
disadvantages or to eliminate undesired disadvantages. With this in line, the effect
of different solvent, salt as well as additive blends on the physicochemical and
electrochemical features of nonaqueous electrolyte formulations was discussed
using interesting literature examples, pointing out the influence on anode, cathode,
suppression or inhibition of Al dissolution, thermal stability as well as the overall

cell performance.
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However, in respect to the synergistic effect of afore described and discussed
electrolyte blends, there are still many questions left unanswered, thus acting as a
barrier towards desired improvements and refined electrolyte optimization. In order
to systematically develop novel blended nonaqueous electrolyte formulations, the
following points must be taken in consideration and studied in more detail:
correlation between the molecular and electronic structure of the electrolyte
components and their reactivity, the synergistic effects of the blended components,
main operation and failure processes, study on intermediate species, investigation of
the different plausible reaction pathways as well as the analysis of the limiting and
determining steps which provide rationalization of the obtained results. Integrating
the knowledge gained from profound studies of the aforementioned parameters and
processes will lead to desired improvements that positively affect lithium ion cell
chemistry and LIB performance.

We hope that this review provides a good overview and clear perspective on
blended nonaqueous electrolyte formulations thus raising the motivation in
encouraging researchers to proceed with further and deeper investigations in this
promising field.
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Abstract Batteries that are based on organic radical compounds possess superior
charging times and discharging power capability in comparison to established
electrochemical energy-storage technologies. They do not rely on metals and,
hence, feature a favorable environmental impact. They furthermore offer the pos-
sibility of roll-to-roll processing through the use of different printing techniques,
which enables the cost-efficient fabrication of mechanically flexible devices. In this
review, organic radical batteries are presented with the focus on the hitherto
developed materials and the key properties thereof, e.g., voltage, capacity, and cycle
life. Furthermore, basic information, such as significant characteristics, housing
approaches, and applied additives, are presented and discussed in the context of
organic radical batteries.

Keywords Electrochemical energy storage - Organic radical batteries - Lithium-
organic batteries - High-power devices
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PEG Poly(ethylene glycol)

PPy Poly(pyrrole)

PROXYL 2,2,5,5-Tetramethylpyrrolidin-N-oxyl radical
PT Poly(thiophene)

PTAm Poly(2,2,6,6-tetramethyl-4-piperidinyl-N-oxyl acrylamide)
PTGE Poly(2,2,6,6-tetramethyl-4-piperidinyl-N-oxyl glycidyl ether)
PTMA Poly(2,2,6,6-tetramethyl-4-piperidinyl-N-oxyl methacrylate)
RFID Radio-frequency identification

TEMPO  2,2,6,6-Tetramethyl-4-piperidinyl-N-oxyl radical

1 Introduction

Current battery technologies are based on the usage of metals such as lead, lithium,
cobalt, and nickel. They suffer, on the one hand, from a restricted availability, which
potentially leads to new dependencies, as already present for fossil fuels [1]. On the
other hand, modern applications, e.g., RFID tags, smart clothes, smart packaging,
and the Internet of Things, require modified demands, namely rapid charging, a
persistent cycle life, mechanical flexibility, non-toxic materials, environmentally
friendly production from sustainable resources, and material-saving processing
through roll-to-roll or additive manufacturing techniques. Thus, more and more
scientific effort focuses on batteries that rely on organic compounds to store electric
charges. These materials allow for a detailed tailoring of their properties with regard
to an optimization of the whole battery system. Furthermore, they have the potential
to be prepared from renewable resources in the future [2], which directly tackles the
sustainability issue. Among the classes of batteries based on organic compounds,
organic radical batteries (ORBs) belong to the most promising. They rely on
stable organic radicals, which possess an unpaired electron in the ground state [3—6].
The intrinsic stability problems of such systems, namely the formation of single
bonds between radicals, are usually overcome by the introduction of sterically
hindering groups and electron resonance in the molecule. Related charging products
that are obtained by one-electron oxidation or reduction feature no unpaired
electrons and are, hence, more stable than redox products of comparable non-radical
compounds. Also, organic radicals enable simple redox reactions that necessitate
only the transfer of a single electron per active unit without any intercalation
processes, as they are present, e.g., in Li-ion batteries, or structural changes, which
are observable for alternative organic compounds. Thus, these systems possess
superior redox kinetics with high electron-transfer rates, which allow for high
charging and discharging currents and, hence, high power densities. Also, the
amount of generated heat is reduced, thus avoiding the risk of thermal runaways.
By far the most ORBs that were published up to now use nitroxyl, phenoxyl, and
hydrazyl radicals (Fig. 1), in particular, the 2,2,6,6-tetramethyl-4-piperidinyl-N-
oxyl radical (TEMPO). The first battery based on the concept of organic radicals
was published by Nakahar et al. in 2002 [6]. Poly(2,2,6,6-tetramethyl-4-piperidinyl-
N-oxyl methacrylate) (PTMA) and lithium were the active materials used in a
metal-organic hybrid cell. This system has since become the standard system for
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Fig. 1 Molecular structures of
stable organic radical units
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metal-organic ORBs due to its favorable reliability and stability. The first all-
organic ORB, featuring organic active materials for both electrodes, was presented
in 2009 by Nishide et al. [7]. It likewise relied on a TEMPO-based polymer, but on a
galvinoxyl radical for the second electrode.

2 Basic Concepts of Thin-Film Batteries

In an electrochemical cell, two materials with different redox potentials are placed
in an electrolyte solution, separated by a salt bridge or a semipermeable membrane
and connected by an electrical conductor. As long as possible, electrons move from
the electrode that features the redox couple with the lower redox potential (n-type)
to the electrode that shows the higher redox potential (p-type); the former is
oxidized, while the latter is reduced. Applying a reverse electric current inverts the
process and the system is charged again. The electrolyte is able to provide and
receive anions and cations to maintain charge neutrality (Fig. 2).

In an organic radical battery, at least one electrode contains persistent organic
radical compounds as active material. In contrast to metallic materials, which show

QO cation
o Electrolyte anion

= Electron

p-type Separator n-type p-type Separator n-type

Charging Discharging

Fig. 2 Illustration of an electrochemical cell
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sufficient intrinsic electrical conductivity, organic radicals are mostly insulators and
must, therefore, be dispensed in a conductive phase. Hence, these electrodes are
composite electrodes that contain, besides the active radical, a conductive additive,
which provides sufficient electron transport, and a binder, which ensures mechanical
stability and homogenous film formation (cf. Sect. 4.1). Furthermore, the solubility
of the organic radical compound in all its employed redox states is a crucial matter.
Dissolved active material can act as a charge shuttle and leads to self-discharge and
lowered capacities. Hence, most of the applied organic materials are (crosslinked)
polymers, which usually possess a lower solubility than comparable small
molecules.

Most of the ORBs that have been published up to now are metal-organic
systems, which possess an organic composite electrode and a metal (mostly lithium,
zinc, sodium, magnesium) electrode, as well as a respective metal-ion-containing
electrolyte. The metal electrode, which usually represents the n-type electrode,
relies on a M"*/M redox couple—the metal is deposited during the charging and
dissolved in the form of cations during the discharging process (Fig. 3). Metal-
organic cells show usually a higher reproducibility and are more reliable than all-
organic systems since the used metal redox couples are established and well known.
Thus, they are used to carry out basic characterization routines and performance
tests for new organic materials.

The final goal, of course, is a fully organic battery, where both electrodes are
composite electrodes containing organic radical active materials. In general, organic
redox-active materials are classified into one of three categories, depending on the
type of electrochemical reaction they can undergo during the charging process:
n-type materials, p-type materials, and b-type (bipolar) materials, whereas the latter
can either be oxidized or reduced and thus can be used in both electrodes [8]. The
composite electrodes are separated by an ion-permeable membrane and immersed in
a suitable electrolyte (Fig. 4).

© Metal cation °
@ Electrolyte anion =
= Electron K.)
9
p.typ_e Separator n-type P'typ.e Separator n-type
(organic) (metal) (organic) {metal)
Charging Discharging

Fig. 3 Illustration of the charging and discharging process of a metal-organic cell
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Fig. 4 Illustration of the charging and discharging process of an all-organic cell

2.1 Battery Setup and Housing

In a thin-film organic radical battery, the active materials are applied in thin, solid
films of around 2-100 pm. Through charging and discharging, redox reactions take
place at the electrodes, and electrons are transferred via the electric circuit. To
enable charge neutrality, the films are immersed in an electrolyte, i.e., a conducting
salt in a solvent or solvent mixture, which allows the permeation of charge carriers
(ions) into and their release out of the electrodes. The whole setup has to ensure
charge transport toward both electrodes, but it must also prevent leakage of
electrolyte and ingress of moisture and oxygen, as well as short circuits. Several
setups have been developed for both laboratory test scale and commercial products.

The most common housing type is the coin cell, which can be used for test
experiments, as well as final applications. The single layers of current collectors,
electrodes, and separator are stacked, immersed in the electrolyte, and pressed
together by a steel spring in a sealed metal casing (Fig. 5). The sealing allows the
use of oxygen- and/or water-sensitive materials, if the coin cell is assembled under
an inert atmosphere (e.g., in a glovebox) and is, therefore, suitable for a wide range
of materials, in particular for first tests.

For experimental test usage, a system that allows further investigations on the
used materials after the cell tests is desirable. The so-called Swagelok™ cell, for
example, represents such a system. The material layer assembly is locked by screws
(Fig. 6a), which enables the disassembling after the cell’s examination. For more
comprehensive electrochemical tests of the cell, a Swagelok ™ T-cell is advised,
which allows the usage of a third electrode, i.e., a reference electrode (Fig. 6b).
Thus, the electrodes, in particular the applied cell potentials, can be monitored
separately to enable a more detailed analysis of the processes that occur in the cell.

A more application-oriented design is the pouch-cell setup. It was developed in
1995 and is simple, flexible, and lightweight [10]. The interior layers of the battery,
rounded off by the metal current collectors, are stacked in a sandwich assembly and
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Coin cell
Anode
Spacer

Spring

Casing

Separator Casing bottom

Cathode

Fig. 5 Illustration of a coin-cell assembly. Reprinted with permission from Ref. [9]. Copyright 2016
American Chemical Society

(a) (b) Swagelok T-Cell

Swagelok cell

Reference

Separator Working electrode

Counter electrode electrode

Spring

Counter electrode

~ Separator
Working electrode Spring

Fig. 6 Tllustration of a Swagelok ™-cell (a) and a Swagelok™ T-cell (b) assembly. Reprinted with
permission from Ref. [9]. Copyright 2016 American Chemical Society

enclosed by an aluminized plastic pouch (Fig. 7). The latter is subsequently sealed
to protect the interior against moisture and oxygen. Thus, a packaging efficiency of
more than 90% is achieved, which is the highest among all housing designs.

A widely known housing setup is the cylindrical cell, e.g., the 18650 type. The
electrodes and a separating porous membrane are twisted and placed in a cylindrical
casing. The setup stands out due to its high mechanical stability and easy assembling.
However, up to now no organic radical batteries were fabricated using this design.

2.2 Characteristics

After assembly, independent of the used setup/housing, several basic key
parameters have to be determined to decide on the quality and the operability of
the battery [11, 12]:

e The theoretical voltage (Voo in V) of a battery is the maximum cell voltage that
can be achieved with the used redox systems. It is calculated according to
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Pouch cell

Positive terminal Negative terminal

Separator

Anode

Cathode

Laminated film case

Fig. 7 Illustration of a pouch cell assembly. Reprinted with permission from Ref. [9]. Copyright 2016
American Chemical Society

Viheo = Ecathode — Eanode, With E being the redox potential of the respective
electrode’s redox couple.

e The theoretical capacity (Cyeo in C or Ah) describes the maximum amount of
charge that can be stored in the cell if all the active material is accessed.

e The specific capacity (Cgpec in Ah kg™") is the amount of storable charge per
mass of active material. It is calculated according to Cypec = % with n being the

number of transferred electrons per redox reaction, F the Faraday constant

(96,485 C mol™ "), and M,, the molar mass of the redox-active moiety. In a cell,

both of the electrodes possess single specific capacities, which are not

necessarily equal. Usually, the limiting, i.e., the lower, capacity is stated, in

particular in cells where one electrode material in used in excess, like in metal—

organic cells. The speciﬁc capacity of the entire cell can be calculated via

Cspec cell — spec anode + spec cathode*

e The theoretical energy (Egeo in J or Wh) describes the maximum energy that a
cell can store, according to Eyeo = Ciheo = V.-

e The specific energy (Egpec in Wh kg™ ") is the provided energy per mass of the
active material, Egpe. = % Alternatively, the energy can be referred to the
volume of the active material, yielding the energy density (Egens in Wh LY,

Egens = WIEIHIG

In a real battery, just a fraction of the stated, ideal values can be obtained due to
only partial activities of the active material, an insufficient depth of discharge, or
electrode polarization, which all result in a decreased provided energy. Addition-
ally, to assess the real performance parameters, the specific capacity and energy
have to refer to the whole battery system including the non-active components, e.g.,
conductive additive, binder, electrolyte, current collector, separator, housing, and
seals, which increase the mass and the volume of the battery, thus significantly
decreasing both the specific capacity and energy. Hence, optimized, but real
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batteries usually provide energies at about 25-35% of the theoretical value [12]. The
performance of a battery is thus characterized by the real, experimentally
determined values:

e The cell voltage (V in V) is the actual voltage that is achieved by a cell. It ranges
from about 1-3.6 V for commercially available batteries. Systems that are based
on organic radicals exhibit similarly high voltages (up to 3.6 V), if they are run
with a lithium electrode. All-organic radical batteries currently show voltages up
to 1.3 V, which can be further raised by the introduction of suitable functional
groups [13].

e The capacity (C in Ah) is the amount of charges that can be stored in the battery.
It can be stated separately for each electrode as well as for the charging and the
discharging. Accordingly, the energy (E in Wh) of the battery describes the
energy that is stored (charging) or released (discharging). Both values can also
be stated as specific value, i.e., per mass of the active material or, more
practically, per mass of the whole battery setup. The specific charges of ORBs
that are presented in the literature up to now reach values of about 185 Ah kg™
for metal-containing hybrid systems and 44 Ah kg~' for all-organic radical
batteries. (Noteworthy, these values are calculated for the mass of only the
p-type and of both electrodes, respectively.)

e The Coulombic efficiency (5. in %) is the ratio of discharging and charging

Clischarge

capacity, 1, = Coms and thus depicts the reversibility of the charging process.

For a usable battery, the efficiency should be nearly 100%.

e The rate capability describes the ability of the battery to be charged/discharged
at certain (high) currents; usually, the highest current density that still results in a
capacity that is similar to the capacities at significantly lower currents is stated.
It is given by the C-rate, which gives the applied current relative to the current

that is necessary to charge the battery within 1 h (C-rate = "‘Z‘:%) ORBs are

capable to show very high charging/discharging rates of 10—400C with only a
minor loss of capacity.

3 Active Materials

The core demand to a battery active material is the availability of at least one
reversible electrochemical process with stable species in both the oxidized and the
reduced form. The respective redox potential should be appropriate, i.e., as high (p-
type material) or low (n-type material) as possible, but still manageable with regard
to the used electrolyte, current collector, etc., to achieve a cell voltage that is as high
as possible. Organic compounds offer a large pool of available structures and
possibilities of functionalization, which enable the tuning of the redox processes of
interest, in particular with regard to the redox potentials. Thus, compounds that can
either serve as p-type or n-type material or even both (b-type) can be prepared,
although most of the organic materials that were developed up to now are more
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Fig. 8 Overview over the molecular structures and key properties of the active radical materials that
were used in cells up to now

suited for an application as p-type material due to their relatively high redox
potentials (Fig. 8). In addition, a high specific capacity, which leads, in combination
with a high cell voltage, to a high specific energy, is likewise essential for active
materials.

Furthermore, an appropriate (low) solubility in the used electrolyte system is
required to impede shuttling effects, which lead to self-discharge and a low cycling
stability. This is often achieved through the introduction of polymerizable groups
and the subsequent polymerization or crosslinking. In addition, the polymerization
improves the film-forming ability of the material, which facilitates the processing
via printing techniques (e.g., screen printing, inkjet printing [14]). With regard to
economic aspects, also a simple and straightforward synthetic route and cheap raw
materials are desirable.

3.1 TEMPO

The 2,2,6,6-tetramethylpiperidinyl-N-oxyl radical (TEMPO) offers a reversible
redox process based on the oxidation of the radical towards the corresponding,
stable oxoammonium cation, which makes it a p-type active material. In addition, a
second process, which relies on the reduction of the radical to the aminoxyl anion, is
available but is only rarely exploited due to a lower stability and reversibility
(Fig. 9). TEMPO was first used in a battery by Nakahara et al. in 2002 [6]. Since
then, it became the gold standard for organic radical batteries due to its high
electrochemical stability (the radical is stable in an aprotic LiPFg solution for more
than a year) [15] and its fast redox kinetics. Exhaustive studies on the latter revealed

Fig. 9 Schematic -~ - @

. -e ~. -
representation of the redox "N
processes involving nitroxide g
radicals

aminoxyl oxoammonium
anion cation
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a two-step electron transfer [16—18]: firstly, a heterogeneous electron transfer from
the current collector or conductive additive to the TEMPO unit occurs. This step is
facilitated by the only small alterations of the structure of the radical moiety.
Respective standard transfer rate constants were determined to be around
10~ cm s7! [15], which is in the range of redox processes related to transition
metal ions [19, 20]. In a polymer, the second step is a concentration-gradient-driven
charge transfer among the radical moieties based on self-exchange between
neighboring units with a bimolecular rate constant of 1.8 x 10° M~ 's™' [18].
Accordingly, TEMPO-containing polymers show intrinsic electrical conductivity
along the polymer chain in the solid state [21].

Several examples of TEMPO-bearing active materials that were used in batteries
are shown in Table 1. The most common radical-based active material is the
TEMPO-containing polymer poly(2,2,6,6-tetramethyl-4-piperidinyl-N-oxyl
methacrylate) (PTMA). Like all organic active materials, it was mostly used in
metal-containing hybrid batteries up to now, usually with lithium, where a cell
voltage of ca. 3.6 V with an only small gap of around 100 mV between the charging
and discharging is achieved [22, 23]. The theoretical specific capacity of
111 Ah kg™' is reached for many presented examples and a stability of several
hundred cycles can be accomplished. Another promising material class is
represented by TEMPO-functionalized poly(norbornene)s. The usage of two
TEMPO units per norbornene monomer leads to a theoretical specific capacity of
109 Ah kg~'. Noteworthy, the usable capacity depends strongly on the endo/exo
configuration of the two TEMPO moieties: due to a small radical-radical distance of
10 A in the endo/endo species, only half of the theoretical capacity is achieved [24].
In contrast, the endo/exo isomer allows for full material activity.

The charge compensation during charging/discharging via inclusion or release of
counterions represents a crucial process with regard to the overall kinetics. Because
of its good swelling property and superior ionic transport ability along the main
chain, the PEG-analogous PTGE is used enabling efficient charge transport and thus
a diminished amount of required conductive additive [25]. Alternatively, micelles
with a poly(styrene) core and a PTMA corona were studied and permit an easier
access of the counterions to the active radical units; however, the poly(styrene)
block is “dead” material decreasing the overall specific capacity [26]. When
sulfonate-containing co-monomers are used, the counterions for charge compensa-
tion are included in the active material itself. Thus, the electrolyte’s ion
concentration remains stable throughout the charge/discharge process and the
required amount of conducting salt is decreased [27].

In the course of a usual composite preparation, the particles of the conductive
additive are homogeneously coated with the active material, which is only non- or
semiconductive. Thus, the conductive particles are electrically isolated and the charge
transfer is limited [28]. One approach to overcome this problem is the application of
vertically aligned carbon nanotubes that are grown from the current collector, thus
preventing the formation of an isolating polymer layer and enabling charging rates up
to 100C [29]. Alternatively, the homogeneity of the mixture of active material and
carbon particles can be increased, for example, by the melt-polymerization of TEMPO
methacrylate in the presence of nanostructured carbons [30].
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To increase the rate capability and capacity, hybrid systems that combine
TEMPO polymers with established charge-storage technologies were developed.
Aiming at higher charging rates, a hybrid TEMPO-supercapacitor electrode based
on a gel that formed from crosslinked PTMA, high-surface-area carbon particles,
and a carbonate-based electrolyte was prepared [31]. In combination with a lithium
electrode, total capacities of 40 Ah kg™' (with respect to the overall mass of both
electrodes) and discharging rates of 100C with reasonable capacity loss were
observed. Alternatively, PTMA was combined with LiFePO, to form a hybrid
electrode that allows for faster charging (10C) and higher long-term stability
(>1500 cycles) compared to a LiFePO, electrode and for higher specific capacities
(130 Ah kgfl) than for PTMA-based systems [32].

In addition to the well-known, reversible oxidation of the TEMPO radical, a
reduction toward the aminoxyl anion is possible, too. Under usual conditions, this
process is irreversible and thus inappropriate for the application in a battery.
However, efforts were made to utilize this process, which would make the TEMPO
a b-type material. The presented approaches are mostly based on the stabilization of
the reduced species by mesoporous carbon networks or graphene [33-35].

3.2 Other Nitroxide Radicals

Although TEMPO is the by far most frequently used organic radical for battery
active materials, other nitroxyl radicals represent promising alternatives and
additions, in particular with regard to all-organic systems [80]; several examples
are provided in Table 2. The 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-N-oxyl
and the saturated 2,2,5,5-tetramethylpyrrolidin-N-oxyl (PROXYL) radicals pos-
sess five- instead of six-membered rings, thus featuring a lower molar mass than
TEMPO derivatives. Hence, higher theoretical capacities can be achieved, e.g.,
147 Ah kg~' for a 2,2,5,5-tetramethyl-2,5-dihydro- 1 H-pyrrol-N-oxyl-decorated
PEG polymer, which is comparable to LiCoO, in classical lithium-ion batteries
[81, 82]. However, subsequently built batteries exhibited only half the expected
capacity [83]. The approach to increase the specific capacity via the introduction
of a second nitroxyl in a spiro-bis(nitroxide) failed likewise, since only one
radical unit undergoes a reversible redox reaction [84]. Furthermore, a series of
N-tert-butyl-nitroxyl styrene derivatives was proposed to serve as active material
that can be, depending on additional functional groups, used either as p-type or
n-type material [85]. Though, up to now, these materials were not applied in a
battery. The nitronyl nitroxide radical is of particular interest, since it features
two reversible redox processes in an applicable potential range. Hence, it can be
used as a b-type material. Nishide et al. presented a battery based on
poly(nitronyl nitroxyl styrene) as active material for both electrodes [86]. It
showed a cell voltage of 1.3 V and a specific capacity of 29 Ah kg™, which
corresponds to 91% of the theoretical value. Furthermore, a reversible pole
change was demonstrated, proving that the battery is “pole-less”.
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Fig. 10 Molecular structures of selected organic radicals as potential candidates for ORBs

3.3 Other Radicals

Only very few organic radical compounds besides nitroxides were considered for
the usage in batteries up to now (cf. Table 2). Phenoxyl radicals, namely the
galvinoxyl radical, were used as n-type active material for all-organic radical
batteries, exploiting the phenoxyl/phenolate redox couple [7, 86—88]. The applied
poly(phenyl galvinoxyl) possesses a theoretical specific capacity of only
51 Ah kg™'; thus, although material activities over 90% were achieved, the
obtained all-organic batteries showed specific capacities of only about 30 Ah kg™
(referred to the total amount of active material in both electrodes). Targeting higher
specific capacities requires either a lower molar mass, which is rather challenging
with regard to the radical stability, or multi-electron redox processes. The latter can
be fulfilled using suitable polycyclic compounds, like the 6-oxophenalenoxyl and
trioxotriangulene, which allow a two- and four-electron oxidation, respectively,
leading to high specific capacities of 152 and 169 Ah kg™', but suffer from multi-
step discharge voltages and severe capacity losses over cycling [89].

For future developments, new classes of radicals that are suitable for electro-
chemical energy storage should be developed to enlarge the scope of available active
materials and thus of the application possibilities. Here, computational methods could
assist in finding stable radical structures and support an effective optimization of the
material’s characteristics through the simulation of applicable functionalization
patterns. Nitrogen heterocycles turned out to be a promising class of organic radicals
for battery application. In particular, the verdazyl and oxoverdazyl radicals (Fig. 10)
are conceivable candidates to extent the toolbox of active materials, with the
oxoverdazyl being more stable than its methylene-bridged counterpart [90, 91]. The
1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl radical, the so-called Blatter radical
(Fig. 10), represents an additional promising alternative, which offers high radical
stability and further possibilities of functionalization with regard to a desirable fine-
tuning of the radical’s electrochemical properties [92-95]. Besides heterocycles,
stable nitrogen-based radicals can also be achieved in the form of alkoxyaminyls and
thioaminyls (Fig. 10) [96-98], which likewise offer various possibilities of function-
alization with regard to an optimized stability, redox potential, and solubility. Both
the presented N-heterocycle and the aminyl radicals offer a reversible one-electron
oxidation and reduction of the radical species, which allows the usage as p-type and
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n-type, as well as bipolar material. The theoretical specific capacities of active
materials based on verdazyl, oxoverdazyl, Blatter, alkoxyaminyl, and thioaminyl
radicals are, depending on additional functionalization, <130, <120, <95, <120,
and <110 Ah kg™', respectively (assuming at least two iso-propyl groups for the
verdazyl systems and at least one aryl substituent for the aminyl compounds to
achieve stable radicals), which is comparable to the established nitroxide materials.
However, these systems are mere candidates so far.

4 Non-Active Materials
4.1 Conductive Additive and Binder

Organic radical compounds usually lack intrinsic electrical conductivity. Some
systems show electron-hopping mechanisms, which allow for restricted electron-
transfer pathways, but the resulting conductivity is usually not sufficient to enable
long-range electron migration [15, 17]. One approach to ensure a high activity of the
active material is the application of thin films directly on the current collectors. The
films are applied either by polymerization onto the surface, e.g., through
electropolymerization [73, 103, 104] and surface-initialized polymerization
[52, 53], or as polymers via classical coating techniques, like spincoating
[7, 18, 56, 105]. Such a setup is convenient to determine characteristics of the
electrochemical surface process, e.g., the diffusion coefficient or electron-exchange
rates [106, 107], and consequently to gain deeper insights into the material’s
interactions with its environment, but it is not suitable for a commercial battery due
to its insufficient, ultra-low capacity [56].

In an organic battery, the active material is mixed with a conductive additive to
obtain a composite electrode. The additives allow for electron migration between
the redox-active molecules and the current collector and, furthermore, are able to
counterbalance volume changes during the electrochemical processes. They must
thus provide high intrinsic electrical conductivity and a large surface to interact
effectively with the active material, and they have to enable the formation of a
flexible network [46]. During the charge-storage process, the redox-active moiety
not only has to take up or release electrons, but the change of charge must also be
balanced simultaneously through the insertion or the release of counter ions [28].
Hence, the composite must possess porosity to enable the electrolyte to penetrate the
entire material and to allow counter ions to enter and to leave the active material
network. Redox units that are not accessible either by electrons or counter ions
cannot participate in the charging and discharging process and have to be considered
as dead material.

Most of the applied conductive additives are nanostructured carbon materials,
e.g., carbon nanoparticles [108, 109], mesoporous carbon [34, 40, 110], vapor-
grown carbon fibers [23, 62, 111, 112], graphene [35, 48, 113-115], and carbon
nanotubes [116-118].

A binder material can be necessary to ensure intermixing of the active material
and the carbon conductive additive, as well as to enhance the mechanical stability of
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the composite electrode. It thus has an essential impact on the battery performance
and stability [119]. When organic solvents are applied in the electrode processing or
the battery electrolyte, fluorinated polymers, e.g., poly(tetrafluoroethylene) (PTFE)
and poly(vinylidene difluoride) (PVdF), are mostly used due to their electrochem-
ical stability, binding capability, and electrolyte absorption ability [23]. For water-
based systems, carboxymethyl cellulose (CMC) is the most frequently used binder.
Metal salts of CMC, poly(acrylate)s, or PEDOT:PSS represent alternatives that
enhance the composite performance by the introduction of additional ions or
semiconductivity [120, 121].

Processing the composite is crucial for the performance of the resulting battery.
The more homogenous the electrode components are mixed, the more redox units
are able to participate in the charge-storage process. Different processing
approaches that aim at an optimized mixing exist, depending on the used materials
[9]. Solid—solid mixing, e.g., in a ball mill, leads to large interfaces between the
active material and the conductive additive, in particular if the former does not
constitute too large particles and the latter consists of spherical or porous materials.
If fibrous additives and soluble active materials are used, liquid—solid mixing, i.e.,
the preparation and homogenization of a solution/dispersion of the active radical
compound and the additives, is preferred. The fibers are coated with the active
material and form a conductive network upon drying [23]. Even water can be used
as solvent, applying carboxymethyl cellulose as binder [22, 36], although, in this
case, the active materials have to be applied in the form of nanometer-sized particles
to ensure a large contact area with the additives. However, if the drying conditions
are not chosen carefully, brittle or cracked electrodes can result, in particular, if the
polymer reveals strong swelling in the solvent [62]. Alternatively, in-situ
polymerization of the active material onto particles of the conductive additive
proved to be suitable for the preparation of large redox material-additive interfaces
[30].

4.2 Electrolytes

The electrolyte is crucial for maintenance of the charge balance during the redox
processes of the charging/discharging. Besides the fundamental requirement to
provide ions of the necessary type and with a maximum mobility, the electrolyte has
to be electrochemically and chemically inert under the applied conditions and used
materials. Furthermore, it must be stable regarding evaporation and flammability,
show a low toxicity, and feature good swellability and affinity toward the composite
electrode to ensure effective ion exchange [9].

Two components form the electrolyte: a conducting salt, which is dissolved in a
solvent. The latter must thus provide high solubility of the salt to ensure a sufficient
number of mobile charge carriers (ions). This usually necessitates a high dipole
moment and a high relative permittivity of the solvent to interact with the free salt
ions. On the other hand, in a thin-film battery, the solvent must not be able to
dissolve the active organic material to prevent self-discharge and capacity fading.
Noteworthy, all involved redox states of the active compounds have to be taken into
consideration. Additionally, a low viscosity is necessary to assure high ion mobility.
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The most common organic solvents that are used in thin-film batteries are
carbonates, mainly propylene carbonate, ethylene carbonate (EC), dimethyl
carbonate, diethyl carbonate (DEC), and ethylmethyl carbonate [122]. They show
high dielectric constants and lead to the formation of protective layers on the current
collector, which prevents its electrochemical decomposition [122, 123]. While
linear carbonates show, in general, lower viscosities but also lower permittivities,
cyclic carbonates are more viscous but possess higher dielectric constants. Hence,
usually mixtures are applied. In addition, organic ethers (1,2-dimethoxyethane, 1,3-
dioxolane) [122], acetonitrile [7, 86], and water [60, 124, 125] are used. The latter is
in particular applied with regard to toxicity and environmental sustainability within
the subject of “green” batteries, but possesses only a limited electrochemical
window and thus a restricted available voltage range.

In addition to the general demands toward an electrolyte component with regard
to stability, compatibility, and sustainability, the used conducting salt has to fulfill
particular requests. Most important, it must be well soluble in the used solvent. It
has to show a high ion mobility, which is favored by small ion radii. If an electrode
that is based on a metal/metal ion redox couple is used, the respective metal cation
must be present in the electrolyte. In case of an organic composite electrode, counter
ions have to compensate the charge change during the redox processes. Hence, the
ions must be able to effectively diffuse into/out of the composite material and have
to be present in excess of at least 100-1000 times to ensure an optimal charging/
discharging [9]. For organic electrolytes, mostly metal or quaternary ammonium
salts of tetrafluoroborates, perchlorates, hexafluorophosphates, trifluoromethanesul-
fonates (triflates), bis(trifluoromethane)-sulfonimides are applied, while in aqueous
solutions, metal chlorides or perchlorates are usually used.

Already described organic radical batteries are either based on organic
carbonates, mostly EC/DEC with LiPFg, in case of lithium-organic cells, on an
aqueous ZnCl, solution for zinc-organic batteries [60], or, in the case of an all-
organic battery, on acetonitrile with tetrabutylammonium perchlorate [7, 86].

S Concluding Remarks

Batteries that are based on stable organic radicals stand out primarily due to their
eco-friendliness, both with respect to production and disposal of the materials, due
to their ability to be processed via roll-to-roll techniques, and due to their high rate
capability. Environmental friendliness is given in particular with regard to the
required resource basis, which can potentially rest completely on renewable
resources in the future, and regarding the disposal by thermal recycling, i.e., by
complete incineration, leaving only harmless CO,, H,0, etc., and combustion
energy behind. Roll-to-roll processing allows for a low-cost mass production and
the incorporation into flexible organic electronics. Thus, for example, organic
photovoltaics, organic light-emitting diodes, or organic field-effect transistors with
integrated energy-storage units can be produced in large amounts. A superior rate
capability in comparison to lithium-ion systems (cf. Table 3) enables a rapid
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Table 3 Comparison of the key characteristics of established Li-ion batteries [126] to current lithium-
organic and all-organic ORBs

LiCoO,/Li LiFePO,/Li Hybrid ORB All-organic ORB
Voltage 38V 345V <36V <13V
Specific capacity ~140 Ah kg™! 170 Ah kg™! <185 Ah kg™'* <44 Ah kg~'>®
Rate capability 0.1-5C 0.1-5C <100C <360C
Cycle life 1000-2000 15002400 <2000 <2000

4 Effective value is lower due to non-active additives

b Referred to the total amount of active material

charging and discharging of organic radical-based batteries, and the absence of the
risk of thermal runaways increases the consumer safety.

On the downside, ORBs, in particular all-organic ORBs, feature usually lower
specific capacities than metal-based batteries since the used organic molecules possess
higher molar masses relative to the transferred electrons. Additionally, organic
electrodes necessitate non-active materials, namely conductive additives and binders,
which further increases the effective mass without increasing the amount of storable
charges. Both the reduction of the molar masses of the used redox-active radical
molecules and an increase of the content of the active material in the composite electrode
have to be targeted in future works. Alternatively, the introduction of redox systems that
provide multi-electron processes represents a promising approach to improve the
capacities of ORBs. Another critical point is the low voltage of fully organic ORBs,
which is caused by the fact that most of the stable active organic materials possess a
relatively high redox potential, making them convenient candidates for an application as
p-type material but not suitable for n-type electrodes. This problem can be overcome, on
the one hand, by the development of stable, low-redox-potential molecules, as already
achieved for non-radical organic materials [127], or, more facile, by the construction of
devices that possess several cells that are connected in series. As a consequence, most
ORBs that are presented in the literature are metal-hybrid systems—fully organic
batteries that feature high voltages and capacities remain to be challenging.

The most promising field of applications is found among the so-called smart devices,
like smart clothes, smart packaging, or active RFID tags. A low environmental impact
and mechanical flexibility are of preeminent importance, while low capacities and low
voltages are bearable, which makes the advantages of the ORBs excelling their
disadvantages for these kinds of application. Nevertheless, the fully organic radical
battery still needs to be further developed and optimized not only regarding the active
materials themselves but the whole battery as a complex integrated system that consists
of numerous different interacting components.
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Abstract There is great interest in using sulfur as active component in rechargeable
batteries thanks to its low cost and high specific charge (1672 mAh/g). The elec-
trochemistry of sulfur, however, is complex and cell concepts are required, which
differ from conventional designs. This review summarizes different strategies for
utilizing sulfur in rechargeable batteries among membrane concepts, polysulfide
concepts, all-solid-state concepts as well as high-temperature systems. Among the
more popular lithium—sulfur and sodium—sulfur batteries, we also comment on
recent results on potassium—sulfur and magnesium—sulfur batteries. Moreover,
specific properties related to the type of light metal are discussed.
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1 Introduction

1.1 Sulfur as Active Material for Electrochemical Energy Storage:
Motivation

Today’s market for rechargeable batteries is dominated by lead-acid and Li-ion
technology. Lead-acid technology is essentially more than 150 years old and is
largely used in automotive applications (starter battery) as well as for uninterrupt-
ible power supply. Low cost and robustness are considered as main advantages
while its key limitation is the low energy density. Lithium-ion technology is much
younger and was commercialized in 1991. Since then it quickly conquered the
rapidly growing market for portable applications mainly because of its high energy
density and long cycle life. Costs for lithium-ion batteries (LIBs) rapidly decreased
within the last years and the technology will be the first choice for the rising markets
of electric vehicles, grid storage and mobile robotics. The demand for LIBs will
therefore increase manifold times in the near future. The Gigafactory from Tesla/
Panasonic alone will double today’s battery production capacity once in full
operation, for example. On the other hand, concerns have been raised whether this
demand will create issues related to element resources and supply chains on the long
term [1-4]. Resource limits of different battery chemistries have been studied by
Wadia et al. for example [2]. Although discussions on this topic are naturally
complex and often controversial, the risk of resource depletion or of restricted
access due to political issues has recently resurged interest in alternatives. LIB
technology is also expected to reach its physical limits within the next years with
energy densities slightly above 300 Wh/kg so other cell concepts have to be
considered to significantly increase the energy density. For these and some other
reasons, alternative battery concepts among metal-sulfur, metal-air, Na-ion, redox-
flow, high temperature or solid-state systems are being considered, each approach
having its individual advantages and drawbacks compared to LIB technology
[5-15].

It is important to realize that almost all battery technologies rely on positive
electrodes in which (transition) metals change their oxidation state. In LIBs, these
are active redox centers such as Co 4, Ni>*3*, or Fe>™>*, which are fixed at
defined positions in crystals of LiCoO,, Li[Ni;;Co;s3Mn;;3]0, or LiFePO,, for
example. The electrode reaction is essentially based on cation redox chemistry. For
the example of LiCoQ,, the reaction for the positive electrode is:

Li+ +e +2- Lio,5C002 =2 LiCOOz

The anions such as 0>~ or PO, in these electrodes are inactive.! The use of
transition metal compounds in LIBs is the key to achieve a high cell voltage. On the
other hand, the capacity of LIB positive electrodes is limited to around
150-200 mAh/g. The working principle of a lithium-ion battery is sketched in

! It is worth to note that anion redox effects in high capacity positive electrode materials has recently
become an active research field [16]. Anyway, most of the charge storage is due to the change in
oxidation states of the transition metals.
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Fig. 1 Schematic comparison of a the lithium-ion battery concept with graphite and LiCoO, as electrode
materials and b the analogue lithium—sulfur cell. The positive electrode usually consists of sulfur
distributed within a porous carbon framework that provides electronic wiring. For the positive electrode,
other metals such as Na, K, or Mg might be used instead of lithium. The bottom graph shows a
comparison of theoretical and practical energy densities for a variety of battery types (cell level). To date,
only the lead acid, the nickel metal hydride, the Li-ion, and the high temperature Na/S battery are
commercialized. Practical energy densities of the metal-sulfur cells are estimates

Fig. 1 (left). Graphite usually serves as negative electrode, which forms the
intercalation compound LiCg upon charging.

The conceptual approach for metal-sulfur batteries is very different. Here, the
redox active element of the positive electrode is a non-metal and the electrode
reaction is largely based on anion redox chemistry.> For the example of a lithium—
sulfur battery, the ideal reaction at the positive electrode would be:

2 Similar reactions can be formulated for oxygen (metal-oxygen batteries). This type of cells ideally
work with a gas diffusion electrode as cathode and ideally utilize atmospheric oxygen. They are therefore
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discharge
2Li+1/8Ss <= Li,S
charge

The full reduction of sulfur from S to S~ corresponds to a capacity of 1672 mAh
per gram of sulfur, i.e., roughly ten times higher than for many LIB-positive
electrode materials. Besides, sulfur is very cheap, more abundant than most
transition metals and non-toxic. The redox potential of sulfur is relatively low so
that the sulfur electrode is ideally combined with a light metal (Li, Na, Mg) negative
electrode. This way, cell voltage and hence energy density are maximized. In view
of this, metal-sulfur batteries are among the very few systems that could outrival
LIB technology in terms of energy density and/or price. Table 1 summarizes the
properties of the idealized cell reaction of sulfur with the light metals Li, Na, K, and
Mg. Figure 1 (right) shows the concept of a lithium—sulfur battery as it is currently
most studied, i.e., lithium metal is used as negative electrode. Two classes of
electrolyte solvents are applied: carbonates, which are well known from LIB
technology and ethers. The bottom of Fig. 1 shows a graphical comparison between
the theoretical and practical energy density of different battery technologies. The
practical energy densities given for the different metal-sulfur batteries are just for
orientation. For lithium—sulfur, 600 Wh/kg are considered a best case scenario for
the cell concept shown in Fig. 1, which corresponds roughly to around one-fifth of
the theoretical value. The same ratio has been applied for Na/S, K/S, and Mg/S,
respectively. Today, 400 Wh/kg have been demonstrated on the cell level for the
lithium—sulfur battery [19].

The promise of metal-sulfur batteries, however, remains largely unfulfilled so
far. The major challenges are rooted in some intrinsic properties of sulfur and its
compounds:

(1)  Sulfur and (Li, Na, K, Mg) sulfides are insulators Values for the electronic
and ionic conductivity are negligible. Large particles will therefore be
electrochemically inactive if no countermeasures are taken. The addition of
larger amounts of conductive additive combined with nanosizing is therefore
a popular strategy for activating the redox reaction. A large variety of
nanoporous carbon materials is studied that provide conductivity and confine
sulfur as illustrated in Fig. 2. The amount of carbon used is large, often in
excess of 40 wt%. The characterization of carbon/sulfur composite materials
is challenging due to the high vapor pressure of sulfur [20, 21]. Usually, the
more carbon added the better the utilization of sulfur but the extra weight
significantly reduces the effective capacity of the electrode and hence a large
penalty in energy density has to be paid. For comparison, the content of
conductive additives in conventional electrodes for LIBs is typically below
5 wt%.

Footnote 2 continued
fundamentally different from classical rechargeable batteries that are closed systems. More information
can be found in Refs. 17 and 18
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Table 1 Selected properties for the reaction of sulfur with the elements Li, Na, K, and Mg

Cell reaction AGT E°l Wyl  Wol  AV% G mewd! G, metat
kJ/mol \% Wh/kg Wh/l mAh/g mAh/cm®
. discharge_ —432.57 224 2615 4289 480 3861 2062
2 Li+ 1/8 Sg—)leS
charge
discharge —357.77 1.85 1273 2363 4171 1166 1128
2 Na + 1/8 Sg——Na,S
charge
discharge —362.73 1.88 914 1590 4309 686 587
2K+1/8SS*>K28
charge
discharge —341.44 177 1683 4509 436 2206 3834
Mg + 1/8 Ss———Mg,S
charge
discharge —188.14 3.9 534 2723 few% 3861 2062

Li 42 Lig5Co0, ——2LiCo0,

charge

Gibbs free energies A,G, theoretical cell voltage E°, theoretical energies w by weight and volume and
theoretical capacities of the metals ¢ by weight and volume. The volumetric energy density wy, refers to
the discharged state. The volume expansion AV refers to the difference in molar volumes between sulfur
(before discharge) and the corresponding sulfide (after discharge). The cell reaction of LipsCoO, with
lithium is added for comparison. All values at 25 °C

)

Sulfur forms a number of polysulfides as intermediates during reduction A
number of intermediate polysulfides form during reduction that severely
complicate the reaction. Table 2 summarizes the thermodynamically
stable phases within the binary systems of Li—S, Na—S, K—S and Mg—S.
Besides, a large number of soluble chain-like polysulfide dianions S2~ and
radical monoanions S, as well as other metastable phases exist [22]. It is the
solubility of the polysulfide intermediates that causes major problems related
to the use of metal—sulfur cells. For the cell concept shown in Fig. 1, this
means that soluble polysulfides diffuse out of the electrode leading to fast
capacity loss and therefore poor rechargeability. The issue of polysulfide
dissolution is shown in Fig. 2. The polysulfides diffuse toward the counter
electrode where they become reduced. As a result, surface film formation and
so-called shuttling of soluble polysulfides between both electrodes occur [23].
More precisely, during charging, shorter polysulfides are electrochemically
oxidized at the positive electrode and form long(er)-chain polysulfides. This
causes concentration gradients within the cell and the afore-oxidized
polysulfides diffuse to the negative electrode where they become chemically
reduced to shorter-chain polysulfides again. The shorter polysulfides then
diffuse back to the positive electrode where they re-oxidize again and the
process starts over. This shuttle mechanism is essentially a chemical shortcut
of the cell which is superimposed onto the electrochemical charging leading
to self-discharge and cell ageing. Confinement of sulfur in nanoporous carbon
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Fig. 2 Top Discharging of a lithium—sulfur cell using the cell concept shown in Fig. 1. Polysulfide
formation and dissolution is clearly visible from the coloration of the electrolyte solution. Despite many
efforts and improvements, tackling this issue is still one of the major challenges of the cell concept shown
in Fig. 1 [37]. Bottom Illustration of the shuttle mechanism in a lithium—sulfur cell after Mikhaylik and
Akridge [23]. Polysulfides S2~ of different length diffuse between both electrodes in a cyclic process
during discharging/charging, drawing after [28]. The shuttle mechanism is highly detrimental and leads to
intrinsic self-discharge and poor cycle life. It also leads to surface film formation on the negative
electrode of highly reduced solid sulfur compounds

Table 2 Overview on thermodynamically stable binary phases at room temperature for different metal—
sulfur systems

Phase diagram Stable binary phases at RT

Li-S [52] Li,S

Na-S [53] Na,S, Na,S,, Na,S4, NaySs

K-S [54] K>S, KsSs, K583, KsS4, KsSs, KoSe
Mg-S [55] MgS

In addition, a number of metastable compounds exists as well as a large amount of solubilized poly-
sulfides with chain-like dianions S2~ as well as radical monoanions S, [22]

or other nanomaterials can delay polysulfide dissolution but often at too many
compromises [24, 25].

(3)  Sulfur/Sulfides are corrosive Sulfur is reacting with a large number of metals
by forming sulfides. This issue is restricting the range of suitable materials for
current collectors and cell housing. For example, steel or copper corrosion by
sulfur through FeS and CuS formation is a well known phenomenon [26].
Aluminum is therefore often preferred. In the same way, polysulfide
intermediates can react with cell components and certain electrolyte solvents.
Although it has been reported that sulfur cells containing carbonate solvents
such as propylene carbonate (PC) or dimethyl carbonate (DMC) are working
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well and show high initial capacities, side reactions with soluble sulfides are
suspected as reason for fast capacity fading [27, 28]. Polysulfides can react
with the carbonyl group of the solvent molecule by nucleophilic attack
[29, 30], for example. Ethers are more stable and a 1:1 mixture of monoglyme
and 1,3-dioxolane (DOL) has become popular. Other linear glymes (diglyme,
tetraglyme) are also often used [31]. Overall, however, it remains unclear
which electrolyte solvents are most suited, as it is quite difficult to separate
the different origins of capacity fading and low cycle life. For conductive
salts, the popular PFs™ anion is not suitable for sulfur batteries. The reason
being again the instability against polysulfides. Better alternatives are triflate
or TFSI salts. Common binders such as PVDF might be attacked also
[32, 33], motivating research on binder free electrodes [34, 35].

(4)  The formation of sulfides from sulfur comes along with a large volume change
Volume expansion is in the range of 80% (S to Li,S) to 300% (S to K,S),
which means that extra space is needed and solid electrodes might crack. The
use of porous materials might mitigate effects related to volume expansion
but, again, at cost of energy density.

Another important challenge is the use of metals as negative electrodes. Metals
are the preferred choice for maximizing cell voltage and energy density. This is of
course also true for LIBs but safety issues related to dendrite formation as well as
electrolyte decomposition so far limit the use of lithium metal anodes to primary
cells [36]. In principle, the same issues apply to other alkali or Mg metal electrodes.
Although it has been reported that Mg does not show dendrite formation a final
proof is missing. In rechargeable LIBs, the problems of dendrite formation and
electrolyte decomposition are mitigated by using graphite instead of lithium (see
Fig. 1). The intercalation of Li™ into graphite occurs close to the potential of the
metal electrode (0.1 V vs. Li/Li*). In principle, one could use intercalation
compounds such as graphite also in sulfur batteries, but given the already low redox
potential of sulfur reduction of around 2 V or below (see Table 1), this would lead
to more and more unattractive cell voltages. Without a metal electrode, the
advantage of metal—sulfur batteries in energy density over LIBs will be difficult to
materialize in practical batteries.

Without doubt, these are difficult starting conditions for designing metal-sulfur
batteries. So how can one activate sulfur in electrochemical cells without making
too many compromises? Different strategies were proposed over the years and a
number of different cell concepts for metal-sulfur batteries were developed that aim
at mitigating the challenges described above. The cell concepts are based on using
sulfur and its compounds either in their solid, dissolved or molten state. A well-
known example is the high-temperature Na/S battery, which operates at around
300 °C and is based on liquid electrodes (molten sulfur/polysulfides and molten
sodium) that are separated by a solid electrolyte. In fact, this cell concept was
developed already in the 1960s. Most research is currently dedicated to room-
temperature Li/S batteries. In this case, the traditional design of having two solid
electrodes (Li, S) separated by a liquid electrolyte is most commonly applied (see
Fig. 1). This concept is now more and more extended by, e.g., introducing
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additional membranes that aim at blocking the polysulfide shuttle between the
electrodes. Much less is known about room-temperature Na/S batteries and studies
on K/S or Mg/S batteries are scarce, however, the same concepts as for Li/S
batteries can be applied, in principle. A very recent strategy are all-solid-state
concepts in which the liquid electrolyte is replaced by a solid electrolyte [38—41].

The progress in lithium—sulfur batteries is frequently reviewed and comprehen-
sive overviews on the myriad of materials tested can be found in Refs. [28, 42-51],
for example. The main focus of this article is on reviewing the principles of the
different “metal—sulfur battery concepts” available. Advantages and disadvantages
of the different strategies for utilizing sulfur in electrochemical cells will be
discussed. In principle, all concepts can be applied to any metal-negative electrode
(Li, Na, K, Mg...) so we will first discuss the concept in general and discuss
specifics of the individual systems Li/S, Na/S, K/S, and Mg/S. We note that also
primary aluminum-sulfur cells have been suggested, however, as hardly any
literature is available on rechargeable Al/S batteries, this system is not further
considered here.

2 Cell Concepts

In the following, the different cell concepts will be discussed and compared. The
starting point is the conventional design shown in Fig. 1, i.e., a cell based on solid
electrodes and a liquid electrolyte solution. This design is extended by adding a
membrane to block polysulfide diffusion toward the negative electrode (2.1). This
concept can be further extended for specifically operating with dissolved
polysulfides only (2.2). The all-solid-state concept is discussed in subsection 2.3,
whereas high-temperature systems with molten electrodes are discussed in
subsection 2.4.

2.1 Conventional Design with Additional Membrane

Most of the recent scientific works about sulfur electrochemistry aim at minimizing
or eliminating the parasitic polysulfide shuttle mechanism. An obvious strategy is
the integration of an ion selective membrane, which is blocking for dissolved
polysulfides (see Fig. 3) but permeable for the metal cations. Such a membrane is
directly placed between both electrodes and covers the whole electrodes surface.
The membrane therefore might also replace the conventional separator.

The membrane materials have to fulfill different requirements: (1) The
membranes must be dense and completely impermeable towards polysulfides but
at the same time highly permeable to the metal cations to minimize resistance; (2)
The membranes should be as thin as possible to minimize the weight penalty. For
comparison, the thickness of separators in commercial LIBs is around 10-20 pum.
One also has to be aware that adding a membrane creates additional interfaces
between the liquid electrolyte and the membrane. The ion transfer over this new
interfaces might be rate limiting [56]; (3) Conceivable membrane materials have to
provide sufficient mechanical and chemical stability on the long term.
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Fig. 3 Scheme of the membrane cell concept with an ion selective membrane. Cations can pass the
membrane, while polysulfides (indicated as yellow/black chains) are locked on the positive electrode side.
The shuttle mechanism is suppressed and the anode is protected

An advantage of this cell concept is that it requires only little modification
compared to the conventional design. In case the membrane replaces the cell
separator, the loss in energy density is likely very small. On the other hand, the
synthesis and design of membrane materials, which fulfill the requirements outlined
above, is a difficult challenge. Above all, the combination of 100% ion selectivity,
like it is the case for solid electrolytes, and high mechanical flexibility usually
results in too many compromises. Therefore it is unlikely that a thin, polymer-based
membrane is able to suppress the parasitic polysulfide shuttle effect completely.
Moreover, leaking around the edges of the membrane is a practical challenge. Long-
term stability issues make it even more problematic to find reliable materials. If a
membrane stays in contact with organic electrolyte, it is probable that swelling takes
place, which might reduce the membranes quality to protect the negative electrode
from dissolved polysulfides.

One popular polymer-based membrane material is Nafion™. It has been
investigated in terms of shuttle effect suppression for Li/S and Na/S electrochem-
istry as well [57-61]. The main advantage of this material is the possibility to design
it especially for several types of cations, while surface functionalization with
negative sulfonate groups have a repulsive effect on all anions like polysulfides.
According to the efficiency of this material, recent observations show that almost a
complete suppression does succeed [57]. The proposed working mechanism is
demonstrated in Fig. 4. Another approach is the use of ceramic solid electrolytes as
membranes. Monolithic B”-alumina membranes (thickness of 500 um) have been
used to demonstrate the basic functionality of this concept. Better overall cell
performance and cycle stability has been demonstrated in case of room-temperature
Na/S cells, for example [33, 62]. This solid electrolyte provides optimal ion
selectivity and excellent chemical long-term stability. On the downside, solid
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electrolytes are not flexible and therefore more difficult to process in general. A
major challenge is to prepare dense membranes with sufficiently small thickness at a
competitive cost. Some solid electrolytes also suffer from the problem that they
dissolve in certain organic solvents, e.g., some sulfides in ethers or carbonates.

Overall, the membrane concept is a very promising route to improve the
performance of metal—sulfur batteries that operate at (close to) room-temperature
conditions. Membranes might enable high coulombic efficiency due to complete
shuttle suppression as well as only little loss in energy density. The requirements,
however, are complex and development and optimization of suitable membrane
materials is still necessary.

2.2 Polysulfide Cell Concept

The idea of using a polysulfide blocking membrane for suppressing the shuttle
mechanism can be also used to design cells that run completely on dissolved
polysulfides. While other concepts try to minimize dissolution of polysulfides, this
concept tries to take advantage of their high solubility. The key difference compared
to the membrane concept discussed in Sect. 2.1. is that the cell reaction is restricted
to intermediates only, i.e. insoluble polysulfides as well as the end members of the
reaction (sulfur and fully reduced sulfide) are intentionally avoided. The positive
electrode than consists of a conductive carbon framework and the polysulfide redox
process takes place on its surface (adsorption — reduction/oxidation — desorp-
tion). The polysulfide concept is shown in Fig. 5. During discharge, metal is
oxidized and the cations pass the membrane just like in the concept described above,
but no solid discharge products are formed.

What can be the expected advantages this approach? In this regard, it is necessary
to take a view on sulfur redox kinetics. It has been reported several times that
electrochemical reactions between long-chain sulfur/-polysulfides (Sg, ngf) and
medium-chain polysulfides (S¢>~ S4°~) show much lower overpotentials especially
for discharge process (reduction) compared with reactions, where non-soluble
sulfides form [28, 47, 63]. Therefore, this method seems to be very attractive due to
high energy efficiency. Moreover, detrimental effects related to volume expansion
are avoided. So overall, better cycling stability and lifetime can be expected. In
addition, the polysulfide solution can be pumped, which makes a semi-flow battery
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Fig. 5 Scheme of the polysulfide cell concept: Only soluble polysulfides become oxidized and reduced
during cycling, no solid-phases form

conceivable. Of course, there are also trade-offs. The most obvious disadvantage is
the loss in capacity. For example, reduction/oxidation between Sg>~ and S,°~
corresponds to a capacity of 209 mAh/g, which is only one-eighth of the theoretical
capacity of sulfur (S° to S*7). Polysulfide electrochemistry is naturally also quite
complex and it is not trivial to control the reaction in a way that only selected
polysulfides are present. Moreover, the use of excess solvent/electrolyte adds extra
weight to the cell which negatively impacts energy density. Exact numbers of
weight and volume penalty depend on different parameters such as polysulfide
solubility limits over a defined cell reaction window and electrolyte viscosity,
especially when a flow system is projected. In this matter, Yang et al. estimated for a
Li—polysulfide system (Li,S,, 8 > n > 4) a theoretical energy density of around
170 Wh/kg (190 Wh/l) considering nearly saturated polysulfide solution (7 M,
DOL:DME, 1:1) [64]. For comparison, neglecting the extra weight in this estimation
would result in a theoretical energy density of more than 330 Wh/kg (540 Wh/l).
The basic idea of a polysulfide battery has already been mentioned in 1977 by
Abraham et al. as a room-temperature analog to high-temperature sodium—sulfur
battery [65]. Instead of molten sulfur, it was suggested to use dissolved sodium
polysulfides. One year later, a similar idea has been proposed by same group for
lithium [66]. These concepts were not further exploited and by the years, most
research groups turned to cells based on solid carbon/sulfur electrodes (see Fig. 1,
right). Recently, however, this approach is being reconsidered and a number of
studies on polysulfide batteries have been published. For example, Yu and
Manthiram et al. started to analyze the properties of polysulfide electrochemistry for
sodium as negative electrode and reported better reaction kinetics for the reaction
between long-chain polysulfides [63, 67]. For lithium, this system has been
investigated and developed further as a flow battery concept with mobile polysulfide
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Fig. 6 Combination of Li—polysulfide cycling concept with dynamic flow electrolyte. The system works
without a membrane. Reproduced from Ref. [64] with permission of the Royal Society of Chemistry

catholyte [64]. Interestingly, though no membrane was used, reliable cycling was
possible (Fig. 6). In this case it is likely that excess sulfur temporarily formed a
protective layer on the lithium electrode. Li et al. presented a lithium polysulfide
cell operating with a mixed electrolyte system. An organic electrolyte was used in
contact with the lithium electrode whereas an aqueous electrolyte was used for the
positive electrode. The half cells were separated by a solid electrolyte membrane.
Besides the cost advantage, water is able to dissolve larger amounts of polysulfides
as well as Li,S, which enlarges the operation window of polysulfide cells.
Consequently, the obtainable capacity becomes much larger and have been found to
exceed 1000 mAh/g [68]. Safety issues related to direct water exposure of lithium in
case of membrane cracking, corrosion of the solid electrolyte in the aqueous
solution, H,S formation as well as water electrolysis are important challenges of this
approach. It is worth mentioning that aqueous electrolytes have already been
considered earlier for sulfur batteries. For example, Licht et al. studied aluminum—
sulfur cells in the 1990s but they were not rechargeable [69, 70].

Overall, the main benefit of the polysulfide approach is the chance to realize cells
with improved kinetics and hence high energy efficiency. Eventually, such cells can
be designed in form of a semi-redox flow cell. On the contrary, only a (often small)
fraction of the theoretical capacity of sulfur is accessible which intrinsically limits
the energy density, not to mention the extra weight added in case of excess
electrolyte is applied. The polysulfide cell concept is therfore only interesting for
stationary energy storage.

2.3 All-Solid-State Cell Concept

All-solid-state battery concepts are playing a more and more prominent role in
today’s battery research thanks to their promises of higher energy density and
improved safety compared to conventional LIB technology. As the name implies,
all-solid-state cells do not contain any liquid. Electrodes and the electrolyte are all
solid compounds that are mechanically pressed together. It is clear that the
manufacturing of such cells is entirely different from conventional batteries. A
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Fig. 7 Scheme of the all-solid-state concept. All reactants are solid at all times during cell cycling

major advantage of liquid electrolytes is that they can be easily injected into empty
cells to contact both electrodes. The liquid electrolyte fills all free volume of the
electrode and forms a continuous liquid/solid interface of large surface area that
eases charge transfer. In solid-state cells, charge transfer is only possible over
particle—particle contacts so suitable electrode design strategies are required to
minimize the interface resistances. The solid electrolyte also functions as separator.
For sulfur batteries, the development of all-solid-state cells is conceivable (Fig. 7)
as well. The theoretical reaction mechanism during discharge remains the same.
Oxidation of the metal at the negative electrode combined with formation of the
corresponding metal sulfide at the positive electrode. The most important
characteristic of all-solid-state metal-sulfur batteries is that the entire cell chemistry
changes because polysulfide dissolution and shuttling cannot occur. It is also worth
noting that the different metals of interest show a different number of thermody-
namically stable intermediates (see Table 2). Whether this benefits or hinders the
reversibility of the cell reaction remains to be clarified. Due to the insulating
properties of sulfur and sulfides, the positive electrode requires conductive
additives. In this case, it is not only conductive carbon to enable electronic
transport but also solid electrolyte to enable the transport of the metal cations
(unless the electrode is thin enough). The positive electrode is therefore usually a
composite consisting of sulfur, solid electrolyte, and carbon.

The advantages of all-solid-state sulfur batteries are comparable to other all-
solid-state concepts [9,10, 71]. Replacement of the volatile organic liquid
electrolyte by an (ideally) non-flammable solid electrolyte is advantageous with
respect to safety. The use of a solid electrolyte also holds greater promise to realize
rechargeable batteries with metals as negative electrode. The common arguments
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are that dendrite formation might be eliminated and that the electrode/electrolyte
interface is more stable compared to liquid electrolytes where solid electrolyte
interphase (SEI) formation takes place. Recent results, however, show that this is
not necessarily the case [72-74]. Many solid electrolytes are found to be instable in
contact with highly reductive metals and some that are considered stable have been
found to function only because of an interphase formation [75, 76]. Dendrites, also,
might grow through grain boundaries finally penetrating the solid electrolyte. The
situation therefore is sometimes not too different compared to liquid electrolytes.
Nevertheless, the recent progress in solid electrolytes [77, 78] provides new
opportunities for designing batteries with improved properties—also with respect to
metal-sulfur systems. For Mg, however, the chances are small because of the highly
polarizing nature of the Mg®" ion. Solid electrolytes with sufficiently high Mg*"
conductivity do not exist and are highly unlikely.

On the other hand, the solid-state approach is also linked to some specific
challenges. Because all components are solid, volume changes during cell cycling
will cause mechanical stress, eventually leading to crack formation and particle
contact loss. The degree of volume expansion for the different reactions is shown
in Table 1. Formation of Li,S from sulfur is accompanied by a volume increase as
high as 80%, for example. The situation becomes worse for the other alkali metals.
It will therefore be challenging to cycle sulfur-rich electrodes in the solid state.
Mechanical stress might be alleviated by porosity or by use of a soft matrix,
although this comes with a number of obvious disadvantages. Another challenge is
to fully utilize the active material. As stated before, the end members of the cell
electrode reaction (sulfur, sulfides) are insulators. In case of larger particles, the
reaction is likely restricted to the surface so the capacity yield is expected to be
low. Nanosizing and uniform distribution of sulfur therefore becomes very
important.

Research on all-solid-state sulfur batteries showed only moderate success so far.
Only few publications have been reported within the last 15 years but the recent
attention on solid-state batteries in general is also benefiting the research on sulfur
solid-state systems. In 2004, a PEO-polymer containing LiTFSI-salt was discussed
as a possible electrolyte for all-solid-state lithium—sulfur cells. The cells’
performance was analyzed at 70 °C and an ionic conductivity of around
4.8 x 107" S/cm has been reported [41]. Three years later, a similar PEO-based
electrolyte was used for solid-state sodium-—sulfur cell system investigations. At
temperatures around 90 °C, the polymer electrolyte provided an ionic conductivity
of 3.38 x 107* S/cm [79]. General problems are an insufficient overall cell
performance, instability of the electrolyte and a possible self-discharge due to
partial electronic conductivity. Besides polymer electrolytes, ionically conductive
ceramics and glasses are highly promising candidates for usage inside solid-state
batteries. According to this, sulfidic glasses such as Li,S/P,Ss or LiGeS4/Li;PS,
(Thio-LISICON) are considered in recent research [38—40]. The Li*-ion conduc-
tivity of these compounds can exceed values of 1 x 107> S/cm even at room
temperature. On the other hand, they are very reactive toward water let alone the
possible evolution of toxic H,S in case of leakage.
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In summary, the all-solid-state concept for metal—sulfur batteries is still in its
early stage of development. The issues related to the poor conductivity of sulfur and
its compounds as well as the problems associated with the large volume expansion
during sulfide formation are especially difficult to tackle in the solid state, however,
the prospect of eliminating the shuttle mechanism is promising enough to consider
this concept in the future.

2.4 High-Temperature Concept

High-temperature sulfur electrochemistry requires a cell concept with character-
istics that strongly differ from the other presented concepts. Considering sulfur
batteries, the term high temperature means that the operating temperature of the
cell is always above the melting points of all reactants and intermediates. In the
charged state, liquid metal is the active material of the negative electrode, while
liquid sulfur is present at the positive electrode. Both electrode compartments are
separated by a solid electrolyte. Although a planar design is imaginable (Fig. 8,
top), the so-far commercialized sodium—sulfur batteries exhibit a tubular design
(Fig. 8, bottom).

During discharge, metal is oxidized on the anode side and molten sulfur is
subsequently reduced at the cathode side to form molten long-chain and finally
molten short-chain polysulfides. It is important to realize that the melting points of
sulfur (T, = 115 °C) and the alkali metals lithium (181 °C), sodium (98 °C), and
potassium (64 °C) are comparably low, making them ideal candidates for such a cell
concept. On the other hand, sulfides have very high melting points (7, = 1372 °C,
1168 °C and 948 °C for Li,S, Na,S and K,S, respectively) so complete reduction is
not conceivable. Cell discharge is therefore restricted to polysulfides that have
intermediate melting points. The extent of the reaction therefore depends on the
operating temperature, which is set at around 300 °C for the commercialized Na/S
battery technology, for example. At this temperature, several Na—S long-chain
polysulfides are liquid. Consequently, the practical capacity of the sulfur electrode is
much lower than theoretically expected (see discussion below). Due to the high
melting point of Mg (650 °C), this concept will likely not be applicable to Mg/S
batteries.

The high-temperature battery concept comprises a couple of important advan-
tages. An important aspect is that the reversibility of the metal electrode is
improved, as no dendrite formation occurs. Moreover, the polysulfide shuttle
mechanism is eliminated thanks to the solid electrolyte membrane. The use of liquid
active materials also reduces the mechanical stress to the electrodes. The expected
life time of these cells is therefore high. At last, the overall cell kinetics generally
benefit from elevated temperatures.

On the other hand, the high-temperature concept faces some specific challenges.
Obviously, all cell parts and components must resist higher temperatures over
several years without any changes. The liquid active materials (alkali metal, sulfur,
and polysulfides) are particularly aggressive, limiting the choice of materials for
current collectors, solid electrolyte, sealing, and other cell-housing components.
Moreover, the vapor pressure of the molten alkali metals and sulfur can cause
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Fig. 8 Top Scheme of the high-temperature cell concept. Active materials are in molten state during
cycling, while both electrodes are separated by an ion selective ceramic membrane. Bottom Tubular cell
design that is used in commercialized high-temperature sodium—sulfur batteries

undesired transport and ageing mechanisms. Maintaining the high operating
temperature also requires an optimized thermal management as otherwise the
energy efficiency of the system becomes too low. For thermodynamic reasons, the
cell voltage also slightly decreases with increasing temperature. The main challenge
of the high temperature concept is related to safety. Leakage of the cell housing
would lead to the release of highly reactive liquid metal or sulfur. Cracking of the
solid electrolyte would cause a fast reaction between the electrodes active materials
and finally thermal runaway. Developing reliable safety measures is therefore of
utmost importance. Because of this, and the applied temperatures, high-temperature
sulfur electrochemistry is suitable for stationary electrical energy storage only.
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High-temperature sulfur batteries have been considered for several decades
and research dates back to the late 1960s and 1970s where the high-temperature
sodium—sulfur battery was suggested by Kummer and Weber (Ford Motor Co.)
[80, 81]. The cell was originally designed for electric vehicles, although
nowadays grid storage application is the main application. A number of
companies developed this cell type, but presently, only NGK insulators Ltd.
offers a commercial system (see Fig. 9). Analog cell concepts for lithium or
other negative electrode materials have not been developed so far. Indeed, the
high-temperature Na/S battery is the only metal sulfur battery that has been
commercialized to date. An essential milestone and basic requirement was the
discovery of Na-PB”-aluminate (NaAlsOg), a high-performance sodium ion-
conducting ceramic [80-83]. This solid electrolyte possesses sufficient ionic
conductivity as well as chemical stability for reliable usage inside high-
temperature sodium—sulfur batteries. The basic sodium-sulfur battery, devel-
oped by Kummer and Weber, was based on a tubular Na-f”-aluminate solid
electrolyte. Aluminum was also used as current collector material. The operating
temperature of 300 °C enables a reduction of sulfur to liquid polysulfides with an
average stoichiometry of around Na,S3, so the maximum gravimetric capacity is
557 mAh/g instead of 1672 mAh/g for complete sulfur reduction. Further
reduction of Na,S; would lead to the formation of solid Na,S, (T, = 470 °C),
which has to be avoided. It is interesting to note that the formation of Na,S3 at
300 °C from molten sodium and sulfur corresponds to a theoretical cell voltage
of 1.91 V, which is 180 mV lower than the same reaction at room temperature
with all reactants in their solid state. The theoretical energy density at 300 °C
therefore amounts to 721 Wh/kg. Practical values are in the range of 200 Wh/kg.
These are still high values, although they are much lower from what one might
expect from the values given in Table 1. An important advantage of the Na/S

Fig. 9 High-temperature sodium—sulfur battery park for grid scale electric energy storage purpose [84]
(Reprinted with permission from http://www.energy-storage.news/blogs/sponsored-ngks-nas-grid-scale-
batteries-in-depth_ February 2017)
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battery is that the raw materials are inexpensive and abundant, which is an
important requirement for future large-scale energy storage.

3 Challenges of Metal-Negative Electrodes

Considering capacity and cell voltage, the use of metals (Li, Na, K, Mg...) as
negative electrodes is the most appealing option for any kind of battery. Safe
operation of metal electrodes in rechargeable room-temperature batteries, however,
is still an unsolved challenge to date (thin film batteries being an exception). This is
mainly related to dendrite formation combined with the chronic instability towards
liquid (and many solid) electrolytes [36, 85, 86]. Recent efforts in dendrite
investigations show that suitable electrolyte modifications can minimize dendrite
formation and electrolyte side reactions [87]. However, reliable control of metal
plating under practical conditions still remains an unsolved challenge.

In today’s LIBs, graphite is therefore used, although compared to a lithium
electrode the capacity is much lower (372 mAh/g) and the cell voltage decreases by
around 0.1 V. A few other negative electrodes such as LisTisO0,(LTO), silicon, tin,
or other conversion reactions are considered for LIBs as well. The choice in
negative electrodes for sulfur batteries, however, is even smaller. This is simply
because the electrode potential of the sulfur electrode is relatively low. The
combination of a sulfur positive electrode with an intercalation negative electrode
would therefore deliver only small cell voltages. For example, the use of LTO (E°
vs. Li/Li* = 1.46 V) in a Li/S battery would only deliver a maximum cell voltage
of 0.78 V [88]. A high voltage, however, is very desirable considering power
capability and to minimize the number of individual cells in a battery. The preferred
choice for the negative electrodes in sulfur batteries is therefore the respective
metal, i.e., Li, Na, K, Mg... as also shown in the sketches illustrating the cell
concepts (see Figs. 2, 4, 6, 7). But even when using metals, the cell voltage (around
2 V or below) is much lower compared to commercialized LIB technology (close to
4 V), see Table 1. Anyway, the use of hard carbon, silicon, boron, or tin as negative
electrode host material in sulfur batteries is being explored [89-94]. Although
improvement in terms of safety might be possible, none of these compounds
provides a clear advantage considering issues related to the shuttle mechanism and
reactions with dissolved polysulfides.

As discussed above, developing metal electrodes for rechargeable room-
temperature batteries is very demanding and has largely been unsuccessful for
decades. The problems of dendrite formation and side reactions are intrinsic for the
combination of an alkali metal and a liquid electrolyte and effective countermea-
sures are still desperately needed. Nevertheless, it is worth noting that rechargeable
batteries with metal electrode are in application. These are all based on cell concepts
without liquid electrolyte: Thin film lithium-ion batteries (operating at room
temperature with LiPON as solid electrolyte [95, 96] a), the EV batteries of the
BlueCar (>60 °C with a polymer solid electrolyte) and finally the discussed high-
temperature Na/S battery (>300 °C). Overall, sulfur battery concepts without liquid
electrolytes might have the greatest chance for operating with metal electrodes. A

@ Springer 118 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:81

very different type of anode was recently presented by Yu et al. who presented a
liquid anode based on a dissolved sodium biphenyl compound. This unusual anode
type provided a low potential of 0.09 V vs. Na/Na™ and its principal function was
demonstrated in combination with a polysulfide cell [97]. Prospects of this
approach, however, need to be studied in more detail.

4 Aspects of Magnesium—Sulfur and Potassium-Sulfur Cells

While most attention in sulfur batteries is given to Li/S and to some extend
also Na/S systems (for a detailed comparison we refer to Ref. [28]), reports on
Mg/S and K/S cells are very scarce. Lately, magnesium-ion batteries are also
being reconsidered and therefore also the magnesium—sulfur cells. In contrast
to the monovalent alkali ions, divalent ions are especially attractive considering
the volumetric charge density. The capacity of magnesium metal by volume is
3834 mAh/cm® compared to 2062 mAh/cm® for Li and 1128 mAh/cm® for Na,
respectively. Magnesium is very abundant, non-toxic, and the density of the
ideal discharge product MgS is significantly larger compared to the alkali metal
sulfides, meaning the volume expansion during cell discharge (4+36%) is
smallest among all systems considered, see Table 1. Issues related to
mechanical strain in the positive electrode are therefore less critical. Besides,
magnesium is easier to handle than alkali metals, because it is not as sensitive
to air and moisture.

A major disadvantage of a Mg-S cell is the inherently low theoretical cell
voltage, which is only 1.77 V. Moreover, the lack of suitable electrolytes hampers
a fast progress of magnesium batteries in general. Quite special electrolytes have
to be considered instead. One option is the use of Grignard-like compounds in
combination with AICl; as Lewis acid. Usually, THF is used as solvent for this
purposes [85]. Another possibility is the use of organo-metallic species. For
magnesium—sulfur batteries, magnesium hexamethyldisilazide again combined
with AlICl; (HMDS:AICI5) is discussed as electrolyte candidate in recent literature
[98]. It is also reported that different magnesium salts like Mg-triflate can be
dissolved in different ionic liquids, which are working as solvent or co-solvent
[99].

Although research on the use of magnesium in batteries has recently become
more popular, the focus is currently not on sulfur as a cathode material. One reason
might be the unattractive low overall cell voltage. Another is that the already-
difficult situation with the electrolytes becomes even more complex considering
polysulfide formation. Therefore, it is unlikely that a magnesium—sulfur battery will
have its breakthrough in the near future.

Potassium is also theoretically conceivable as a negative electrode material. In
contrast to magnesium, potassium electrolyte solutions can be prepared easily with
conventional salt in solvent methods. Because of the experiences with lithium and
sodium, similar reaction mechanisms and challenges are expectable and hence, it
can be introduced in all presented cell concepts. A potassium metal electrode
provides 685.5 mAh/g (587 mAh/cm?), which is the lowest among the metals
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discussed. Although the theoretical cell voltage of a K-S cell (1.88 V) is close to the
one of the Na—S system, the theoretical energy density is not competitive. Actually,
it is difficult to find any benefits in sulfur electrochemistry by introducing potassium
as substitute for lithium or sodium. One advantage might be the low melting point of
potassium for liquid electrode realization.

Only a few studies about potassium—sulfur cells have been published [100, 101].
An interesting example is a potassium-polysulfide cell, investigated at temperatures
of around 150 °C [101]. The system is presented as an analog to the high-
temperature sodium-—sulfur battery, with the difference of lower operating
temperature and the use of tetraglyme solvent (7, = 274 °C) in the positive
electrode compartment. Liquid potassium acts as a negative electrode, while a K-p”-
aluminate-based ceramic is used as solid electrolyte membrane. Overall, this cell
represents a combination of high-temperature and polysulfide cell concept. As
expected, higher cell voltages and lower capacities were obtained compared to high
temperature Na/S cells, while the overall energy density is somewhat lower.
Overall, the interest in K/S batteries seems more academic and a technological
advantage over the other alkali metals is not apparent.

5 Conclusions

Thanks to its low cost and high theoretical capacity, sulfur is an extremely attractive
element for electrical energy storage. Combined with a light metal counter electrode
(Li, Na, K, Mg...), energy densities significantly exceeding lithium-ion technology
are theoretically possible. Sulfur electrochemistry, however, is very complex and
although research on metal—sulfur batteries has been initiated already decades ago,
there was only limited progress over many years. Today, only the high-temperature
sodium—sulfur battery is commercialized and used for grid storage. The renewed
interest in electric vehicles revived research on the (ambient temperature) lithium—
sulfur battery leading to intense research efforts worldwide within the last 10 years.
More recently, also ambient temperature Na/S as well as K/S and Mg/S cells are
being reconsidered.

Due to the peculiar properties of sulfur and its discharge products (poor
conductivity, volume expansion, polysulfide shuttling, corrosion issues....), a
conventional battery design is not suitable for achieving a performance that leads to
commercially relevant results. The known challenges related to the use of metal
electrodes in rechargeable batteries further add to the complexity for realizing
metal-sulfur batteries. A range of alternative cell concepts has therefore been
studied over the years in which sulfur is electrochemically converted in the solid,
molten, or dissolved state. Advantages and disadvantages of these concepts were
summarized and critically reviewed in this article. Table 3 summarizes these
advantages and disadvantages. For all concepts, the use of an ion-selective
membrane, either inorganic, organic, or as a composite, seems to be the key for
rendering a long cycle life. Although progress has been made, the development of
cost-effective membranes with excellent performance as well as their convenient
integration into a full device is still needed for a major breakthrough. For this,
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Table 3 Overview of cell concepts for batteries utilizing sulfur as active material: A comparison of

advantages and restrictions

Cell concept

Advantages

Comments/restrictions

Conventional (Fig. 1)

Conventional + membrane
(Fig. 3)

Polysulfide
(Fig. 5)

All-solid-state (Fig. 7)

Simple cell preparation

High capacity yield
Polysulfide shuttle alleviated
No volume effects

High energy efficiency
Polysulfide shuttle alleviated

Safe operation

Volume effects
Polysulfide shuttle
Low overall lifetime

Volume effects

Polysulfide reactivity
Low capacity yield (12-25%)
Weight and volume penalty

High impact of volume effects

Polysulfide shuttle
suppressed

High sulfur dispersion necessary

High temperature (Fig. 8) Proven technology (Na-S) Restricted capacity yield

(25-33%)

Safety issues

Metal anode applicable

Polysulfide shuttle
suppressed

suitable materials and processing strategies have to be developed to finally equal or
surpass LIB technology in energy density or cost effectiveness.

Acknowledgements The authors acknowledge support from the State of Thuringia (Germany) within the
ProExzellenz program.

References

1. Dewulf J, Van der Vorst G, Denturck K, Van Langenhove H, Ghyoot W, Tytgat J et al (2010)
Recycling rechargeable lithium ion batteries: critical analysis of natural resource savings. Resour
Conserv Recycl 54(4):229-234

2. Wadia C, Albertus P, Srinivasan V (2011) Resource constraints on the battery energy storage
potential for grid and transportation applications. J Power Sources 196(3):1593-1598

3. Larcher D, Tarascon JM (2015) Towards greener and more sustainable batteries for electrical
energy storage. Nat Chem 7(1):19-29

4. Grey CP, Tarascon JM (2017) Sustainability and in situ monitoring in battery development. Nat
Mater 16(1):45-56

5. Thielmann A, Sauer A, Wietschel M (2015) Gesamt-Roadmap Energiespeicher fiir die Elektro-
mobilitaet 2030. Fraunhofer-Institute ISI, Karlsruhe

6. Nykvist B, Nilsson M (2015) Rapidly falling costs of battery packs for electric vehicles. Nat Clim
Chang 5(4):329-332

7. Nayak PK, Yang L, Brehm W, Adelhelm P (2017) From lithium-ion to sodium-ion batteries: a
materials perspective. Angew Chem Int Ed Engl. doi:10.1002/anie.201703772

8. Hu Y (2016) Batteries: Getting solid. Nature Energy. 1(4):16042. http://www.nature.com/articles/
nenergy201642

9. Janek J, Zeier W (2016) A solid future for battery development. Nat Energy 1:16141. doi:10.1038/
nenergy.2016.141

Reprinted from the journal 121 @ Springer


http://dx.doi.org/10.1002/anie.201703772
http://www.nature.com/articles/nenergy201642
http://www.nature.com/articles/nenergy201642
http://dx.doi.org/10.1038/nenergy.2016.141
http://dx.doi.org/10.1038/nenergy.2016.141

Top Curr Chem (Z) (2017) 375:81

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

33.

Kato Y, Hori S, Saito T, Suzuki K, Hirayama M, Mitsui A, Yonemura M, Iba H, Kann R (2016)
High-power all-solid-state batteries using sulfide superionic conductors. Nat Energy 1:16030.
doi:10.1038/nenergy.2016.30

Aurbach D, McCloskey BD, Nazar LF, Bruce PG (2016) Advances in understanding mechanisms
underpinning lithium—air batteries. Nature Energy 1(9):16128. doi:10.1038/nenergy.2016.128
Soloveichik G (2015) Flow Batteries: Current Status and Trends. Chem Rev 115:11533-11558.
doi:10.1021/cr500720t

Winsberg J, Hagemann T, Janoschka T, Hager MD, Schubert US (2017) Redox-Flow Batteries:
From Metals to Organic Redox-Active Materials. Angew Chem Int Ed 56(3):686—711. doi:10.1002/
anie.201604925

. Hueso KB, Armand M, Rojo T (2013) High temperature sodium batteries: status, challenges and

future trends. Energy Environ Sci 6:734-749. doi:10.1039/C3EE24086J

Yabuuchi N, Kubota K, Dahbi M, Komaba S (2014) Research Development on Sodium-Ion Bat-
teries. Chem Rev 114(23):11636-11682. doi:10.1021/cr500192f

Sathiya M, Rousse G, Ramesha K, Laisa CP, Vezin H, Sougrati MT et al (2013) Reversible anionic
redox chemistry in high-capacity layered-oxide electrodes. Nat Mater 12(9):827-835

McCloskey BD, Garcia JM, Luntz AC (2014) Chemical and electrochemical differences in non-
aqueous Li—-O, and Na-O, batteries. J Phys Chem Lett. 5(7):1230-1235

Adelhelm P, Hartmann P, Bender CL, Busche M, Eufinger C, Janek J (2015) From lithium to
sodium: cell chemistry of room-temperature sodium—air and sodium—sulfur batteries. Beilstein J
Nanotechnol 6:1016-1055

OXIS Energy Ltd (2017) Cited 2017 March 19; Available from https://oxisenergy.com/. Accessed
19 Mar 2017

Raiss C, Peppler K, Janek J, Adelhelm P (2014) Pitfalls in the characterization of sulfur/carbon
nanocomposite materials for lithium—sulfur batteries. Carbon 79:245-255

Levin BDA, Zachman MJ, Werner JG, Sahore R, Nguyen KX, Han Y et al (2017) Characterization
of sulfur and nanostructured sulfur battery cathodes in electron microscopy without sublimation
artifacts. Microsc Microanal 23:15-162

Steudel R (2003) Inorganic Polysulfides S.2~and Radical Anions S, ~. In: Steudel R (ed) Elemental
sulfur and sulfur-rich compounds II. Topics in Current Chemistry, vol 231. Springer, Berlin,
Heidelberg. doi:10.1007/b11909

Mikhaylik YV, Akridge JR (2004) Polysulfide shuttle study in the Li/S battery system. J Elec-
trochem Soc 151(11):A1969-A1976

Rehman S, Khan K, Zhao Y, Hou Y (2017) Nanostructured cathode materials for lithium—sulfur
batteries: progress, challenges and perspectives. J Mater Chem A 5(7):3014-3038

Ji X, Lee KT, Nazar LF (2009) A highly ordered nanostructured carbon—sulphur cathode for
lithium—sulphur batteries. Nat Mater 8(6):500-506

Holleman AF, Wiberg E, N. W. Lehrbuch der Anorganischen Chemie. 2007;102

Zhang SS (2013) Liquid electrolyte lithium/sulfur battery: fundamental chemistry, problems, and
solutions. J Power Sources 231:153-162

Adelhelm P, Hartmann P, Bender CL, Busche M, Eufinger C, Janek J (2015) From lithium to
sodium: cell chemistry of room-temperature sodium—air and sodium—sulfur batteries. Beilstein J
Nanotechnol 6:1016-1055

Gao J, Lowe MA, Kiya Y, Abruia HD (2011) Effects of liquid electrolytes on the charge-discharge
performance of rechargeable lithium/sulfur batteries: electrochemical and in-situ X-ray absorption
spectroscopic studies. J Phys Chem C 115(50):25132-25137

Yim T, Park M-S, Yu J-S, Kim KJ, Im KY, Kim J-H et al (2013) Effect of chemical reactivity of
polysulfide toward carbonate-based electrolyte on the electrochemical performance of Li-S bat-
teries. Electrochim Acta 107:454—460

Fan FY, Pan MS, Lau KC, Assary RS, Woodford WH, Curtiss LA et al (2016) Solvent effects on
polysulfide redox kinetics and ionic conductivity in lithium—sulfur batteries. J Electrochem Soc
163(14):A3111-A3116

. Zhang SS (2012) Binder based on polyelectrolyte for high capacity density lithium/sulfur battery.

J Electrochem Soc 159(8):A1226-A1229

Wenzel S, Metelmann H, Raiss C, Durr AK, Janek J, Adelhelm P (2013) Thermodynamics and cell
chemistry of room-temperature sodium/sulfur cells with liquid and liquid/solid electrolyte. J Power
Sources 243:758-765

@ Springer 122 Reprinted from the journal


http://dx.doi.org/10.1038/nenergy.2016.30
http://dx.doi.org/10.1038/nenergy.2016.128
http://dx.doi.org/10.1021/cr500720t
http://dx.doi.org/10.1002/anie.201604925
http://dx.doi.org/10.1002/anie.201604925
http://dx.doi.org/10.1039/C3EE24086J
http://dx.doi.org/10.1021/cr500192f
https://oxisenergy.com/
http://dx.doi.org/10.1007/b11909

Top Curr Chem (Z) (2017) 375:81

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.
47.
48.
49.
50.
s1.
52.
53.
54.
55.

56.

57.

58

59.

60.

61.

Elazari R, Salitra G, Garsuch A, Panchenko A, Aurbach D (2011) Sulfur-impregnated activated
carbon fiber cloth as a binder-free cathode for rechargeable Li—S batteries. Adv Mater 23(47):5641
Hagen M, Dorfler S, Fanz P, Berger T, Speck R, Tiibke J et al (2013) Development and costs
calculation of lithium—sulfur cells with high sulfur load and binder free electrodes. J] Power Sources
224:260-268

Xu W, Wang J, Ding F, Chen X, Nasybulin E, Zhang Y et al (2014) Lithium metal anodes for
rechargeable batteries. Energy Environ Sci 7(2):513-537

Janek J, Adelhelm P (2013) Zukunftstechnologien. In: Korthauer R (ed) Handbuch lithium-ionen-
batterien. Springer Berlin Heidelberg, Berlin, pp 199-217

Nagao M, Hayashi A, Tatsumisago M (2011) Sulfur—carbon composite electrode for all-solid-state
Li/S battery with Li2S—P2S5 solid electrolyte. Electrochim Acta 56(17):6055-6059

Nagao M, Imade Y, Narisawa H, Kobayashi T, Watanabe R, Yokoi T et al (2013) All-solid-state
Li—sulfur batteries with mesoporous electrode and thio-LISICON solid electrolyte. J Power Sources
222:237-242

Trevey JE, Gilsdorf JR, Stoldt CR, Lee SH, Liu P (2012) Electrochemical investigation of all-solid-
state lithium batteries with a high capacity sulfur-based electrode. J Electrochem Soc
159(7):A1019-A1022

Yu X, Xie J, Yang J, Wang K (2004) All solid-state rechargeable lithium cells based on nano-sulfur
composite cathodes. J Power Sources 132(1-2):181-186

Yamin HP (1983) E. Electrochemistry of a nonaqueous lithium/sulfur cell. J Power Sources
9(3):281-287

Ji X, Nazar LF (2010) Advances in Li-S batteries. J Mater Chem 20(44):9821-9826

Bresser D, Passerini S, Scrosati B (2013) Recent progress and remaining challenges in sulfur-based
lithium secondary batteries—a review. Chem Commun 49(90):10545-10562

Evers S, Nazar LF (2013) New approaches for high energy density lithium—sulfur battery cathodes.
Acc Chem Res 46(5):1135-1143

Yin YX, Xin S, Guo YG, Wan LJ (2013) Lithium—sulfur batteries: electrochemistry, materials, and
prospects. Angew Chem Int Ed 52(50):13186-13200

Manthiram A, Fu YZ, Chung SH, Zu CX, Su YS (2014) Rechargeable lithium—sulfur batteries.
Chem Rev 114(23):11751-11787

Lin Z, Liang CD (2015) Lithium-sulfur batteries: from liquid to solid cells. J Mater Chem A
3(3):936-958

Rosenman A, Markevich E, Salitra G, Aurbach D, Garsuch A, Chesneau FF (2015) Review on Li—
sulfur battery systems: an integral perspective. Adv Energy Mater 5(16):1500212

Borchardt L, Oschatz M, Kaskel S (2016) Carbon Materials for lithium sulfur batteries-ten critical
questions. Chem Eur J 22(22):7324-7351

Seh ZW, Sun YM, Zhang QF, Cui Y (2016) Designing high-energy lithium—sulfur batteries. Chem
Soc Rev 45(20):5605-5634

Okamoto H (1995) The Li-S (lithium—sulfur) system. J Phase Equilib 16(1):94-97

Sangster J, Pelton AD (1997) The Na—S (sodium-—sulfur) system. J Phase Equilib 18:89-96
Sangster J, Pelton AD (1997) The K-S (Potassium—Sulfur) system. J Phase Equilib 18:82—88
Predel B (1997) Mg-S (magnesium—sulfur). In: Madelung O (ed) Li-Mg—Nd-Zr. Springer Berlin
Heidelberg, Berlin, p 1

Busche MR, Drossel T, Leichtweiss T, Weber DA, Falk M, Schneider M et al (2016) Dynamic
formation of a solid-liquid electrolyte interphase and its consequences for hybrid-battery concepts.
Nat Chem 8(5):426-434

Huang J-Q, Zhang Q, Peng H-J, Liu X-Y, Qian W-Z, Wei F (2014) Ionic shield for polysulfides
towards highly-stable lithium—sulfur batteries. Energy Environ Sci 7(1):347-353

. Yu X, Manthiram A (2016) Performance enhancement and mechanistic studies of room-tempera-

ture sodium—sulfur batteries with a carbon-coated functional Nafion separator and a Na,S/activated
carbon nanofiber cathode. Chem Mater 28(3):896-905

Bauer I, Thieme S, Briickner J, Althues H, Kaskel S (2014) Reduced polysulfide shuttle in lithium—
sulfur batteries using Nafion-based separators. J Power Sources 251:417—422

Yu X, Joseph J, Manthiram A (2015) Polymer lithium—sulfur batteries with a Nafion membrane and
an advanced sulfur electrode. J] Mater Chem A. 3(30):15683-15691

Ceylan Cengiz E, Erdol Z, Sakar B, Aslan A, Ata A, Ozturk O et al (2017) Investigation of the
effect of using Al,O;—Nafion barrier on room-temperature Na-S batteries. J Phys Chem C
121(28):15120-15126

Reprinted from the journal 123 @ Springer



Top Curr Chem (Z) (2017) 375:81

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85

86.

87.

88

Kim I, Park J-Y, Kim CH, Park J-W, Ahn J-P, Ahn J-H et al (2016) A room-temperature Na/S
battery using a B” alumina solid electrolyte separator, tetraethylene glycol dimethyl ether elec-
trolyte, and a S/C composite cathode. J Power Sources 301:332-337

Yu X, Manthiram A (2014) Highly reversible room-temperature sulfur/long-chain sodium poly-
sulfide batteries. J Phys Chem Lett. 5(11):1943-1947

Yang Y, Zheng G, Cui Y (2013) A membrane-free lithium/polysulfide semi-liquid battery for large-
scale energy storage. Energy Environ Sci 6(5):1552

Abraham KM, Rauh RD, Brummer SB (1978) A low temperature NaS battery incorporating a
soluble S cathode. Electrochim Acta 23:501-507

Rauh RD, Abraham KM, Pearson GF, Surprenant JK, Brummer SB (1979) A lithium/dissolved
sulfur battery with an organic electrolyte. J Electrochem Soc 126(4):523-527

Yu X, Manthiram A (2014) Room-temperature sodium—sulfur batteries with liquid-phase sodium
polysulfide catholytes and binder-free multiwall carbon nanotube fabric electrodes. J Phys Chem C
118(40):22952-22959

Li N, Weng Z, Wang Y, Li F, Cheng H-M, Zhou H (2014) An aqueous dissolved polysulfide
cathode for lithium—sulfur batteries. Energy Environ Sci 7(10):3307-3312

Licht S. Sulfur/aluminum electrochemical batteries. Google Patents 1996

Licht S, Hwang J, Light TS, Dillon R (1997) The low current domain of the aluminum/sulfur
battery. J Electrochem Soc 144(3):948-955

Kim JG, Son B, Mukherjee S, Schuppert N, Bates A, Kwon O et al (2015) A review of lithium and
non-lithium based solid state batteries. J Power Sources 282:299-322

Hartmann P, Leichtweiss T, Busche MR, Schneider M, Reich M, Sann J et al (2013) Degradation of
NASICON-type materials in contact with lithium metal: formation of mixed conducting interphases
(MCI) on solid electrolytes. J Phys Chem C 117(41):21064-21074

Richards WD, Miara LJ, Wang Y, Kim JC, Ceder G (2016) Interface stability in solid-state bat-
teries. Chem Mater 28(1):266-273

Zhu Y, He X, Mo Y (2016) First principles study on electrochemical and chemical stability of solid
electrolyte-electrode interfaces in all-solid-state Li-ion batteries. J Mater Chem A 4(9):3253-3266
Schwoebel A, Hausbrand R, Jaegermann W (2015) Interface reactions between LiPON and lithium
studied by in situ X-ray photoemission. Solid State Ion 273:51-54

Ma C, Cheng Y, Yin K, Luo J, Sharafi A, Sakamoto J et al (2016) Interfacial stability of Li metal-
solid electrolyte elucidated via in situ electron microscopy. Nano Lett 16(11):7030-7036
Bachman JC, Muy S, Grimaud A, Chang HH, Pour N, Lux SF et al (2016) Inorganic solid-state
electrolytes for lithium batteries: mechanisms and properties governing ion conduction. Chem Rev
116(1):140-162

Chen R, Qu W, Guo X, Li L, Wu F (2016) The pursuit of solid-state electrolytes for lithium
batteries: from comprehensive insight to emerging horizons. Mater Horiz 3(6):487-516

Park C-W, Ryu H-S, Kim K-W, Ahn J-H, Lee J-Y, Ahn H-J (2007) Discharge properties of all-solid
sodium—sulfur battery using poly (ethylene oxide) electrolyte. J Power Sources 165(1):450—454
Kummer JT, Weber N (1976) A sodium—sulfur secondary battery. SAE Technical Paper 670179
Kummer JT, Weber N (1968) Battery having a molten alkali metal anode and a molten sulfur
cathode patent US3413150. 1968 Nov. 26

Fally P (1973) Some aspects of sodium-sulfur cell operation. J Electrochem Soc.
120(10):1292-1295

Whittingham MS, Huggins RA (1971) Measurement of sodium ion transport in beta alumina using
reversible solid electrodes. J Chem Phys 54(1):414-416

NAS Energy Storage System (2017) Cited 2017 February 20. Available from:https://ngk.co.jp.
Accessed 20 Feb 2017

. Aurbach D, Zinigrad E, Cohen Y, Teller H (2002) A short review of failure mechanisms of lithium

metal and lithiated graphite anodes in liquid electrolyte solutions. Solid State Ion 148:405-416
Kim H, Jeong G, Kim YU, Kim JH, Park CM, Sohn HJ (2013) Metallic anodes for next generation
secondary batteries. Chem Soc Rev 42(23):9011-9034

Younesi R, Veith GM, Johansson P, Edstrom K, Vegge T (2015) Lithium salts for advanced lithium
batteries: Li-metal, Li—-O2, and Li-S. Energy Environ Sci 8(7):1905-1922

. Zhang W-J (2011) A review of the electrochemical performance of alloy anodes for lithium-ion

batteries. J Power Sources 196(1):13-24

@ Springer 124 Reprinted from the journal


https://ngk.co.jp

Top Curr Chem (Z) (2017) 375:81

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

Briickner J, Thieme S, Bottger-Hiller F, Bauer I, Grossmann HT, Strubel P et al (2014) Carbon-
based anodes for lithium sulfur full cells with high cycle stability. Adv Func Mater
24(9):1284-1289

Hassoun J, Kim J, Lee D-J, Jung H-G, Lee S-M, Sun Y-K et al (2012) A contribution to the progress
of high energy batteries: a metal-free, lithium-ion, silicon—sulfur battery. J Power Sources
202:308-313

Yan Y, Yin Y-X, Xin S, Su J, Guo Y-G, Wan L-J (2013) High-safety lithium—sulfur battery with
prelithiated Si/C anode and ionic liquid electrolyte. Electrochim Acta 91:58-61

Agostini M, Hassoun J, Liu J, Jeong M, Nara H, Momma T et al (2014) A lithium-ion sulfur battery
based on a carbon-coated lithium—sulfide cathode and an electrodeposited silicon-based anode. ACS
Appl Mater Interfaces 6(14):10924-10928

Agostini M, Hassoun J (2015) A lithium-ion sulfur battery using a polymer, polysulfide-added
membrane. Sci Rep. 5:7591

Zhang X, Wang W, Wang A, Huang Y, Yuan K, Yu Z et al (2014) Improved cycle stability and
high security of Li-B alloy anode for lithium—sulfur battery. J] Mater Chem A 2(30):11660
Available from: http://www.cytech.com/products-ips. 2017. Cited 2017 March 19

Available from: http://www.st.com/content/st_com/en/products/power-management/battery-
management-ics/enfilm-thin-film-batteries/efl700a39.html. 2017. Cited 2017 March 2017

Yu J, Hu YS, Pan F, Zhang Z, Wang Q, Li H et al (2017) A class of liquid anode for rechargeable
batteries with ultralong cycle life. Nat Commun 8:14629

Zhao-Karger Z, Zhao X, Wang D, Diemant T, Behm RIJ, Fichtner M (2015) Performance
improvement of magnesium sulfur batteries with modified non-nucleophilic electrolytes. Adv
Energy Mater 5(3):1401155

Cheek GT, O’Grady WE, El Abedin SZ, Moustafa EM, Endres F (2008) Studies on the elec-
trodeposition of magnesium in ionic liquids. J Electrochem Soc 155(1):D91

Zhao Q, Hu Y, Zhang K, Chen J (2014) Potassium-sulfur batteries: a new member of room-
temperature rechargeable metal-sulfur batteries. Inorg Chem 53(17):9000-9005

Lu X, Bowden ME, Sprenkle VL, Liu J (2015) A low cost, high energy density, and long cycle life
potassium-sulfur battery for grid-scale energy storage. Adv Mater 27(39):5915-5922

Reprinted from the journal 125 @ Springer


http://www.cytech.com/products-ips
http://www.st.com/content/st_com/en/products/power-management/battery-management-ics/enfilm-thin-film-batteries/efl700a39.html
http://www.st.com/content/st_com/en/products/power-management/battery-management-ics/enfilm-thin-film-batteries/efl700a39.html

Top Curr Chem (Z) (2016) 374:82 )
DOI 10.1007/541061-016-0080-9 sk

REVIEW

Challenges and Prospect of Non-aqueous Non-alkali
(NANA) Metal-Air Batteries

Danny Gelman'? - Boris Shvartsev” -
Yair Ein-Eli"?

Received: 25 November 2015/ Accepted: 31 October 2016/ Published online: 22 November 2016
© Springer International Publishing Switzerland 2016

Abstract Non-aqueous non-alkali (NANA) metal—air battery technologies promise
to provide electrochemical energy storage with the highest specific energy density.
Metal—air battery technology is particularly advantageous being implemented in long-
range electric vehicles. Up to now, almost all the efforts in the field are focused on Li—
air cells, but other NANA metal-air battery technologies emerge. The major concern,
which the research community should be dealing with, is the limited and rather poor
rechargeability of these systems. The challenges we are covering in this review are
related to the initial limited discharge capacities and cell performances. By com-
prehensively reviewing the studies conducted so far, we show that the implementation
of advanced materials is a promising approach to increase metal—air performance and,
particularly, metal surface activation as a prime achievement leading to respectful
discharge currents. In this review, we address the most critical areas that need careful
research attention in order to achieve progress in the understanding of the physical
and electrochemical processes in non-aqueous electrolytes applied in beyond lithium
and zinc air generation of metal—air battery systems.
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1 Introduction

Electrochemical power sources based on a metal anode immersed in an electrolyte
capable of reacting with atmospheric oxygen have the highest energy density, as
there is no need to store oxygen (the cathode active material) in the battery since it
can be accessed from the ambient atmosphere. The current stage of research is
focused on newly emerging chemistries, as one can find in (Li, Si, Al, Mg)-air cells.
The main reason for the upsurge in attention is mainly attributed to the outstanding
energetic capacities of these anode materials (3842 mAh/g for Li, 3816 mAh/g for
Si, 2965 mAh/g for Al, 2204 mAh/g for Mg vs. only 815 mAh/g for Zn [1]). In past
times, metal-oxygen power systems were all aqueous systems; the most employed
system was Zn—air cell [1, 2]. This system (Zn + 1/20, — ZnO) has been
investigated for many years, thanks to its relatively high specific capacity, as
compared with cells based on common Zn battery chemistries [3, 4]; the kinetics of
the cell reaction is limited by the cathode reaction [3]. Currently, for this specific
metal-air system, the focus is on a possible rechargeability and cycling. For other
newly researched batteries, such as lithium and sodium-air, a repeated discharge
and charge processes for many cycles (essential for any use in a secondary cell) is
still quite challenging [5, 6].

While the literature on Li-air [7-15] and Zn-air [2, 16-21] battery systems is
quite extensive, with some excellent reviews on the subject, we will be focusing this
review on the post Li and Zn-batteries era, and to be more specific, on non-aqueous
non-alkali (NANA) metal—-air batteries based on Mg, Al, and Si. Theoretical Nernst
potential values of [Mg, Al and Si]/(metal ion) couples are fairly negative [22], and
decomposition of aqueous electrolyte and a considerably high rate of anode
corrosion [1] practically prohibit the use of aqueous electrolytes in the [Mg, Al and
Si]-air systems. Thus, it is natural that the systems, which are the focus of the
current research efforts, are metal-air systems utilizing non-aqueous electrolytes.
We are referring to these systems as NANA metal-air batteries-non-aqueous non-
alkali metal—air batteries. As stated earlier, currently, the major focus of the research
is on alkali metal—air battery technology (Li [7-15] and Na-air systems [13, 23-26],
and the aim of the present work is to introduce to the reader other systems that may
outperform the alkali metal—air battery. NANA metal—air systems are also of great
interest, particularly because of the associated superior volumetric energy density
and the substantially lower cost of Si, Al, and Mg if compared with the cost of Li or
even Na metals.

The key factors for a proper utilization of the metals (Mg, Al, and Si) in NANA
batteries, as anodes in power source devices, relates to the metal surface interaction
with the electrolyte. The interaction properties, such as surface activity/passivity by
dissolution of native oxide layer, surface modification, and the nature of the formed
layer following the dissolution, are controlling suitability of the metal to serve as a
proper fuel in the battery. For most of NANA metal-air batteries technologies being
though off, the metals passivation layer on the surface is the main “killing factor”,
preventing any possible interaction or processes at the metal/non-aqueous
electrolyte interphase. Therefore, any further development of NANA metal-air
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batteries calls for in-depth understanding of the behavior of such metals in non-
aqueous electrolytes, the surface evolution and its interactions with the chosen
electrolyte.

2 Non-aqueous Non-alkali (NANA) Metal-Air Batteries Research
Objectives

The basic research objectives and initial challenges of the NANA-based batteries
will be presented in this part. The retro-perspective view will allow the reader to
understand concerns and challenges the community addressed in order to achieve
the scientific advance in the NANA metal-air batteries up to today. In the case of
the Mg—air battery system, the initiation of this research field was stimulated by
Aurbach et al. [27], first reporting on a reversible Mg ion intercalation in Cheverel
phase cathode structure in a non-aqueous Grignard-based medium. Following this
report, a number of studies were conducted applying similar electrolytes in Mg-ion
battery configuration [28, 29], which concluded the problematic stability of this type
of electrolytes. In order to improve the stability, different and more durable
electrolytic media were applied: room temperature ionic liquids (RTILs) and
pseudo-Grignard type electrolytes. The initial research was focused on establishing
the electrochemistry of Mg in these electrolytes, followed by attempts to apply the
established results in batteries. The sluggish discharge abilities and reversibility
(striping and deposition) of magnesium anodes that is well known in commercial
RTILs [30, 31] brought the researchers to the conclusion that an addition of
Grignard organic compounds into the solution would improve the cell’s perfor-
mance. A similar approach was also applied and adopted in Mg—air cells, as it was
established by Luder et al. [32, 33]. Another approach involves “tunable”
electrolytes to fit the requirement of developing successful Mg—air batteries [6].
This approach is based mostly on synthesizing and investigating novel RTILs.

As it was established from the initial research in Al-air batteries, as far back as
the 1960s, the utilization of aqueous alkaline-based electrolytes is hampered due to
intrinsic issues, such as the tremendous corrosion and electrolyte degradation
[34-37]. Additionally, a possible utilization of non-aqueous organic electrolytes, as
media for Al-power sources, could not provide a suitable replacement. This fact is
attributed to the stable oxide passivation of Al in organic solvents [38, 39]. Some
attempts of surface activation in organic electrolytes were performed and reported
[38—40], nevertheless without any real applications in power source devices. A
different approach was conducted with the application of chloride-based ionic
liquids, such as the EMImCIL:AICI; group. The ratio between the salts provides
differences in the electrochemical behavior of Al metal. In this specific type of
electrolytes, Al-ion batteries were initially reported [41-46] and a single report on
Al-air power sources [47]. Although chloride-based ionic liquids media showed the
ability of Al electrochemical dissolution and deposition, the recorded current
densities were quite low [47, 48]. This fact, in addition to the problematic synthetic
procedure and the high reactivity towards water of this specific class of electrolytes,
hindered the use of such electrolyte compositions. A different chloro-free RTIL
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electrolyte was introduced by Gelman and Shvartsev [49], utilizing EMIm(HF), 3F
in a high-power and high-capacity Al-air battery.

The initial motivation for developing Si—air batteries was that such a battery
system could be, in principle, an integrated power source in microelectronic
applications, for instance, a lab on a chip. A small footprint and more compact
battery design should be thought in order to enable a direct attachment to the
electronic circuit. For such demanding applications, an Si—air battery may serve as
an excellent solution, based on the fact that un-doped Si is practically inert to any
electrochemical reaction [50], where the already-produced wafers are mostly doped
and could be heavily doped, allowing to treat Si as a metallic substance.
Additionally, Si suffered from severe parasitic corrosion reaction in conventional
aqueous alkaline solutions [51, 52] and thus different types of electrolytes were
applied; in this case, RTIL-based EMIm(HF),3F. The initial studies on Si
electrochemical behavior in this specific media showed its ability to electrochem-
ically dissolve different Si types without the need of illumination [53, 54], allowing
a utilization of wafers as anode materials. Based on this specific work, a research
objective and the challenge of developing a full Si—air battery was addressed by
Ein-Eli [55-60].

In the next sections, we briefly cover the technologies that are in the embryonic
research stages, and that their commercial implementation may possibly take
20-30 years; among these technologies, one can include the Mg—air, Al-air, and Si—
air batteries (2, 3, and 4 electrons transfer processes, respectively).

3 Nonaqueous Mg—Air Batteries
3.1 Introduction

Mg anode material has received increasing attention in battery-related applications
in the recent decade [6]. This interest was stimulated for the following reasons
[6, 61]: (1) availability of vast quantities in nature and well-established extraction
methods; (2) low market cost; (3) Mg byproducts are mostly environmentally
compatible; (4) a relatively low theoretical electrochemical equivalent (0.45 g/A h),
high energy density (6450 W h/kg), and capacity (2200 mA h/g) [62, 63]; (5) a
negative reduction potential (—2.37 V vs. SHE), and when taking into account the
oxygen reduction potential in aqueous media, the theoretical cell voltage can be as
high as 2.77 V.

Possible application of Mg batteries may be similar to Li-ion intercalation
systems, where Mg ions “replace” the Li ions. The issues regarding the most
appropriate and possible cathodes, as well as anodes for such systems, were already
addressed in a variety of reports [6, 20, 28, 46, 64]. Magnesium, serving as an anode
material in Mg-air batteries, is quite attractive for the automotive industry, where
high capacity of the battery with a significantly lower cost of the system could
promote a wider adoption of electric vehicles (EVs) [6]; indeed, past research works
attempted to construct Mg—air batteries in aqueous media [20]. The main reactions
in an aqueous Mg—air battery system were found to be [20]:

@ Springer 130 Reprinted from the journal



Top Curr Chem (Z) (2016) 374:82

Mg +20H™ — Mg(OH), + 2¢", (1)

0; + 2H,0 + 4e¢™ — 40H™, (2)
and, the overall reaction in aqueous media is:

While considering the application of Mg as an anode, similar challenges need to
be overcome, as already presented for lithium and sodium anodes. Magnesium, as a
reactive metal, is unstable in water, oxygen, and many of the organic compounds
applied in battery technology. As a part of the corrosion reaction, a porous product
layer on the Mg surface is constructed, and thus a further degradation of the metal,
due to corrosion process, is expected. Moreover, the negative reduction potential of
Mg, at —2.37 V vs. SHE [6], would allow a massive reduction of most electrolytes.
Corrosion and self-discharge processes are common issues in systems utilizing
reactive metals, interacting with the aqueous solutions. Magnesium hydroxide is
formed with accompanied heat generation, caused by excessive cathode polarization
and high self-discharge rates. This leads to increased vapor pressure, water loss, and
dangerous thermal runaway conditions. Moreover, there is a loss in the cell stability
and controllable discharge characteristics desired for practical use [20]. In alkaline
electrolytes, Mg-hydroxide sinks in the cell as sludge and therefore the cell must be
large enough to accommodate it [20]. At the beginning of the discharge process, a
stable passivation surface layer is formed on the Mg surface and inhibits Mg
corrosion, but gradually this film breaks down, causing instability in the working
voltage [20].

Additional challenges are related to the Mg-based products at the air—cathode:
based on Sawyer study [65], the divalent Mg>" cation undergoes four-electron
reaction with oxygen in organic solvents; meaning, during discharge, Mg-oxide
(MgO) may be formed at the air electrode in non-aqueous Mg—O, batteries. Due to
thermodynamically and electrochemical stability of the formed MgO, it cannot be
decomposed by charging at ambient temperatures [66, 67]. Therefore, it is well
accepted that a non-aqueous Mg—O, battery may only be regarded as a primary one
at room temperature. For a secondary system (rechargeable cell), it is mandatory
and required to have a catalyst for MgO decomposition.

3.2 Liquid-Based Cells

As a result of the limitations and challenges associated with the application of Mg
anode in aqueous systems (as described above), further research in Mg high-energy-
density batteries was focused on non-aqueous electrolyte systems [68].

3.2.1 Organic-Based Electrolytes

One of the most important aspects of the system is the evolving Mg anodes surface
science. In particular, Mg dissolution/deposition processes and the interface
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between the Mg surface and the electrolyte is very important for understanding the
operation of rechargeable Mg cells. This subject is especially vital to Mg-air
batteries, as the cathode is not based on Mg intercalation compounds, but rather an
air—cathode, which drastically influencing the electrolyte composition and the Mg
anode surface.

3.2.1.1 Organic Solutions with Regular Mg Salts One of the most prominent
features in the electrochemistry of Mg is the presence of a passivation layer on the
surface of the metal. This interphase between the bare Mg and the electrolytes is an
ongoing subject for research. Initial efforts to address this subject were proposed by
Peled et al. [69] in SOCI, electrolytes (inspired by a research in Li-SOCI, cells); it
was suggested that a passivation layer with a low-Mg ion conductivity was formed
on the Mg surfaces once exposed to or being in contact with the solution. Later
efforts focused on the interphase and electrochemistry of Mg in standard organic
electrolytes based on tetrahydrofurane (THF), propylene carbonate (PC), and
acetonitrile (ACN) [70]. It was demonstrated, via Raman techniques, that even in
completely inert conditions, traces of O,, CO,, and water react with the Mg surface
to form a passivation layer, as illustrated in the following reaction schemes:

Mg + 1/20, — MgO, (4)
MgO + CO, — MgCO;, (5)
Mg + 2HO, — Mg(OH), + H,. (6)

Additionally, when a fresh Mg surface was exposed to the electrolyte itself by
mechanical means, the solvent molecules and anion salts were immediately reduced
at the surface, forming insoluble and non-conducting films composed of organic and
inorganic Mg-based salts such as Mg(ROCO,),, Mg—Cl-O species, alkoxy species,
and Mg,BF, type compounds [70]. However, while conducting cyclic voltammo-
grams (CVs), it was found that this passivation layer is electrically and ionically
non-conducting, in contrast to Li interphases, which have the ability to conduct Li
ions [71]. Figure 1 presents the high anodic overpotentials of 0.7-0.9 V needed to
break the passivation layer in order to achieve an electrochemical dissolution of Mg
in THF and PC electrolytes.

The hysteresis observed in the anodic regions serves as an indication of surface
transformation: the surface passivation breaks down, enabling much higher currents
when potentials were swept back from an anodic vertex. However, upon returning to
the open circuit potential (OCP) conditions, these passivation films were repaired
and re-constructed. Moreover, due to the presence of non-conducting passivation
films, deposition of Mg is practically impossible [70]. Because of these phenomena,
it was concluded that organic electrolytes containing Mg salts would be less
suitable for battery systems, especially a rechargeable one, including Mg-air
batteries, where the charging process involves Mg deposition.

However, successful attempts were made to reach surface conditions where Mg
dissolution and deposition could be accomplished at low over-potentials [70, 72].
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Fig. 1 Typical voltammetric behavior of Mg electrodes in PC and THF solutions. CV of Mg anode in
a PC 4+ 1 M Mg(ClOy), solutions (electrodes freshly prepared in solutions). First cycle CVs obtained at

two different lower potential limits, —2.2 V and —3.3 vs. Ag/Ag™. b in THF/LiBF, [70]. Reprinted from
ref. [70]. Copyright 1999, with permission from Elsevier
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When alkyl halides, such as bromoethane (EtBr) were added to the electrolyte, Mg
dissolution and deposition were achieved with hardly any overvoltage, with anodic
currents increasing with each CV cycle, as presented in Fig. 2. It was postulated that
such species lead to a breakdown of surface films through a complicated process of
EtBr reduction and Mg?" migration, eventually forming Grignard salts, such as
ethylmagnesium bromide (EtMgBr) in the electrolyte. In fact, the Mg surface was
demonstrating so-called “film-free conditions” [70].

3.2.1.2 Ether Solutions with Organo-Magnesium Compounds An alternative
approach in Mg battery electrolyte design is the application of THF with an
addition of Grignard reagents of the RMgX type (R = buthyl, ethyl. X = CI, Br). It
was demonstrated that with the use of such reagents, the dissolution and deposition
of Mg occurs with a rather small over-voltage, similar to the electrochemical
behavior observed in EtBr, leading to Mg surface film-free conditions [70].

In order to investigate the nature and reaction mechanisms at the Mg surface, a
number of analytical techniques were utilized. It was observed via EQCM
experiments that during the first stages of Mg deposition process on a Mg anode,
calculated values of mass per mol of electrons [g/mol (€)] were above the
anticipated value of 12 (i.e., the mass equivalent of Mg) [70]. Thus, it was suggested
that the deposition of Mg occurs in a complex process involving the adsorption of
Mg species. It is known that in ether solutions containing dissolved RMgX (e.g.,
EtMgBr in THF) [72] the following equilibria exist:

6 R —— N—
| Mg in THF / Mg(CH,COO), / TBAP

4 |- | —— 3rd Cycle with EtBr
| | —— 2nd Cycle with EtBr / il
|| == 1st Cycle with EtBr

. | | —+— without EtBr

0|

JmAcm~?

i /) NS——— N 1 | -
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Fig. 2 CVs of Mg electrodes in THF, 0.1 M (CH3CO,), Mg, 1 M BuyNCIOy, in the absence and in the
presence of EtBr, scan rate: 20 mV s~ ' [70]. Reprinted from ref. [70]. Copyright 1999, with permission
from Elsevier
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(Schlenk equilibrium)2RMgX «— MgR, + MgX,, (7)
(Ionization equilibrium)2RMgX < RMg* + MgX,. (8)

Consequently, it was suggested by Aurbach [72] that the following complex
deposition process occurs:

2RMg' +2e” « 2RME{psorbed) 9)
ZRMgzabsorbed) «— Mg + MgR,, (10)
or,
IMgR, + 26~ > 2RMg]popeq) + 2R, (11)
2RMg sorbed) < Mg + MERy (go1ution)- (12)

Two phenomena regarding the surface of the Mg are observed when conducting
an electrochemical impedance spectroscopy (EIS) in similar systems (BuMgCl/
TBAPFg 0.5 M/THF, presented in Fig. 3): once a freshly deposited Mg surface is
initially left to rest in the solution, the surface impedance increases over time, as
deduced from the increase in the semi-circle radius [73]. Additionally, the lower the
concentration of the Grignard salt, the lower the impedance on the surface (at
equivalent resting times) that was recorded. This phenomenon is consistent with
EQCM data and the suggested mechanism involving adsorption of Mg species on
the surface. It was postulated that the reason for the time-dependent increase in the
measured impedance was related to a build-up of an adsorption layer (with time)
that is similar in its nature to the surface adsorption occurring during Mg deposition.
This surface layer behavior was concluded to be unstable via subsequent CVs being
conducted (applied after Mg deposition and in different rest periods, as described in
Fig. 3). The layers disintegrated upon low anodic overpotentials during the CVs, in
a similar pattern seen in previous studies [70]. Therefore, these layers were
effectively conducting, despite the high impedance measured by EIS.

The instability and low conductivity of the electrolytes presented until now has
led to the development of pseudo-Grignard-type solutions composed of charged
acidic and basic components in an ethereal environment [6]. New organo-
magnesium complexes of the Mg(AICl;_,Ry), (R = butyl, ethyl etc.) type
(abbreviated DCC) were synthesized and used instead of dissolved Grignard salts
due to their higher anodic stability [63], while maintaining dissolution/deposition
reversibility, rendering them more suitable for withstanding oxidation during
charging processes in rechargeable Mg systems.

Other electrolyte modifications and upgrades include the addition of chloride
salts (e.g., LiCl, tetrabutyl ammonium chloride) enabling a conductivity increase in
THF-based DCC solutions [74], as shown in Fig. 4. Additional modifications
include the use of PhMgCIl-AICIl3/THF instead of DCC, leading to an increase of
electrolyte anodic stability [75].

Reprinted from the journal 135 @ Springer



Top Curr Chem (Z) (2016) 374:82

a -15600
0.1 Hz
a P 2 hours
g Rl
G-’ ~
G —.—, 1hour T
= - .\
N \‘\ ‘\
- A
15minutes _..—~ o N
p— -
0.1 Hz
15600 23400 31200
Z'( em?)
0.2 Hz
-10400 S l
- _ - =15 minutes
-
2
= 0.1 Hz
N _5200
|.1hour
g 0.06Hz
100 - 0,01 Hz
0 5200 10400 15600 20800
Z( em?)

Fig. 3 Impedance spectra obtained from Au/QC (quartz crystal) electrodes after Mg deposition
processes in EQCM experiments (5 min, 0.5 V vs. Mg R.E., 2040 (g/cm?) in BuMgCI/TBAPFg 0.5 M/
THF solutions during storage at OCV (0 V vs. Mg R.E.). a 1 M BuMgCl and b 0.1 M BuMgCl [72].
Reproduced with permission from the Electrochemical Society

3.2.1.3 lodine-based electrolytes A completely different approach was adopted
by Shiga et al. [76] introducing iodine—dimethylsulfoxide (I,-DMSO) complex in a
catalytic cycle for secondary Mg—O, batteries. The proposed mechanism suggests a
charging of the MgO by combining decomposition under the influence of the I,—
DMSO complex with the 31" /I3~ redox couple, as shown in Fig. 5. In the first step,
the Mg iodide (Mgl,) formed during discharging at the cathode is electrochemically
reduced to iodine, which interacts with DMSO to form a molecular complex. This
I[,-DMSO complex reacts with MgO, formed by discharging at the cathode, and
finally, this MgO precipitate separates into Mg ions (as Mgl,) and oxygen. The
redox potential of 317/I;~ is near 2.0 V vs. Mg*"/Mg. These steps are cycled
continuously until MgO is completely removed from the cathode at about 2.0 V.
Oxygen would have been evolved if the process occurred according to Fig. 5 and
iodine would react with MgO in a 1:1 molar ratio. The battery showed two steps
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Fig. 4 a Conductivity (typical specific conductivity) vs. LiCl concentration curves for THF/DCC 0.25 M
solutions [74]. b CV of 0.4 M PhMgCI-AICI;/THF solution compared to 0.25 M DCC/THF [75].
Reproduced with permission from the Electrochemical Society

associated with two discharge processes (during the first discharge), as can be seen
in Fig. 5b. One should notice that Mg—O, battery discharge—charge curves were
obtained at 60 °C [76]. The first stage, near the potential of 1.5 V, reflects the
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Fig. 5 a A proposed catalytic mechanism for the charging process. b Discharge—charge curves of the
non-aqueous Mg-0, battery with iodine at 60 °C. The black, pink, green, and red lines correspond to the
first, second, third, and fourth cycles, respectively. The blue line represents a discharging—charging profile
in the absence of iodine [76]. Reprinted with permission from ref. [76]. Copyright 2013 Royal Society of
Chemistry

reaction of Mg>" with iodine (i.e., it acted as Mg—iodine battery), and represents the
reduction of 15 [76]:

I +2e~ — 3I". (13)

The discharge capacity of the first stage (Mg—I,) was 100 mA h g, which was
determined by the amount of dissolved iodine in the electrolyte. The second stage at
about 1.25 V revealed the discharging of the Mg—O, couple [76]. A total discharge
capacity of 2131 mA h g~ '(cathode) was achieved (black line in Fig. 5b) [76]. The
discharge voltage of the Mg—iodine and Mg-air couples was lower than the
theoretical values calculated from the potentials of the iodine redox couple (+0.4 V
vs. NHE) or four-electron reduction of oxygen (0.2 V vs. NHE) combined with the
Mg®t/Mg (—2.37 V vs. NHE) potential. This voltage drop was attributed to the
formation of a solid electrolyte interphase (SEI) on the Mg anode. The total charge
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capacity was 1590 mA h g', and the reversibility (against discharging) was

calculated at 74.6%. The reversibility dropped drastically with an additional cycle
[76]. In contrast, an Mg—O, battery without iodine had a large discharge capacity of
2280 mA h g_l, but showed no charging behavior (blue line in Fig. 5b) [76]. The
use of iodine-based electrolytes in the context of Mg-air (and even Mg-oxygen
batteries) is a very interesting concept and as this technology approach is in its early
stages, it is still premature to state its commercial applications.

3.2.2 Room-Temperature lonic Liquids (RTILs)-Based Electrolytes

As a possible advance and natural continuality of the research on Mg anodes in
power-source applications, RTILs were addressed as possible electrolytes in Mg-
based batteries. This approach stemmed from the intent to utilize their advantages,
listed earlier. During the last decade, the first attempts to research the electro-
chemistry of Mg in RTILs focused on dissolving Mg salts in this media and
reporting the chemical and physical parameters of the established electrolytes. In
contrast to the previously mentioned and discussed organic solutions, RTILs in
general are reactive with Mg metal and in most cases a layer is formed at the Mg
surface [30]. The layers are impermeable to Mg ions, in sharp contrast to Li SEI
layers, meaning, Mg surfaces tend to be passivated upon any interaction with RTILs
[30]. This passivating ability, occurring even under a potential bias, motivated many
studies investigating RTILs as protective additives against Mg alloy corrosion [31].
Additionally, a number of electrochemical studies already suggested that Mg could
be deposited and stripped from certain RTILs [77-81]. An example is the case of
1-butyl-3-methyl imidazolium tetrafluoroborate (abbreviated BMImBF,) RTIL
mixed with Mg(CF3S0s3), (Mg triflate) at relatively high concentrations (up to 1 M)
[79]. In this electrolyte, reversible dissolution and deposition of Mg on a silver
substrate was achieved, as shown in Fig. 6 (curve 2).

The same type of studies were repeated applying BMImBF, mixture with N-
methyl-N-propylpiperidinium TFSI (PP,3-TFSI) [81], resulting with a similar
evidence of deposition/dissolution. However, contrasting evidence to the dissolu-
tion/deposition cycles were also reported. In several studies [6, 30], various RTILs

Fig. 6 Cyclic voltammograms
of BMImBE, without (curve I) 04 A
and with 1 M Mg(CF;S053),

(curve 2) on silver plate anode at

50 mV/s (counter electrode: Mg, (\I]E 0.2
reference electrode: Pt) [79]. G
Reprinted from ref. [79]. < 0.0
Copyright 2005, with permission £
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systems were studied and the relevant Mg salts have been investigated. It should be
noted that none of these systems were able to obtain reversible Mg deposition and
dissolution, even in the systems with a significant Mg salt solubility. Again, this
behavior was mainly due to Mg electrode surface passivation.

The ability to deposit and dissolve Mg from a wide series of RTIL-based
electrolytes (identical and similar to those used in Figure), including three
imidazolium-based RTILs with the different dissolved salts [MgCl,, Mg(CF;S03),,
Mg(ClO,4),, Bu,Mg] was found to be negligible [30]. CVs studies, presented in
Fig. 7, utilizing BMImBF, with 0.5 M Mg(CF;S03), as electrolyte, found that
comparably only small Red/Ox current densities (related to Mg>t/Mg) were
obtained. Moreover, with each additional cycle, the cathodic peak current decreases.
This was attributed to the growth of the passivation layer on the Mg surface,
resulting from the reaction of Mg with the solution anions or water traces [30].

3.2.2.1 Grignard Reagents In an alternative approach, Mg ions can be added to
ionic liquids not as a salt, but as Grignard reagent dissolved in ethers (e.g., THF). This
approach is intuitive due to the ability to reversibly dissolve and deposit Mg from
Grignard reagents in ethers, as discussed earlier. This approach is demonstrated in
Fig. 8, where Grignard reagents were dissolved in THF and RTILs [82, 83] forming a
“layer-free system” on the Mg surface. There is effectively no overvoltage for Mg
dissolution and a small overvoltage for Mg deposition. In fact, the RTILs act as ionic
strengtheners in the organic solvents, even when the RTIL is the main solvent.
RTILs with dissolved Grignard agents should not be good proton donors, because
Grignard reagents are strong bases, and could react in an acid—base reaction. To that
extent, RTILs based on pyrrolidinium cations are suitable for this purpose. In order
for imidazolium cations to be suitable, there must be a substitution of an alkyl group
instead of the hydrogen between the two nitrogen atoms in the cation [83]. Yoshimoto
et al. [84] reported that the addition of N,N-diethyl-N-methyl-N-(2-

0.02
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I {(mA/cm?)

-0.03

-0.04

-0.05
-2 -1.6 -1 05 0 05 1 1.5 2

E (V) vs. MgiMg™

Fig. 7 Typical cyclic voltammograms measured with BMImBF, IL solutions and Pt working electrode
at 50 mV/s. The CV related to the pure system (marked) and to solutions containing 0.5 M Mg(CF;S03),
are presented, as indicated [30]. Reprinted from ref. [30]. Copyright 2007, with permission from Elsevier
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Fig. 8 a CV of a Ni substrate in the mixed electrolyte consisting of 1-ethyl 2,3, dimethyl imidazolium
TFSI/MeMgBr/THF (equimolar amount of MeMgBr and IL salt) [83]. b CV with Pt substrate and 1:2
vol% mixture of Grignard reagent (2.0 M phenylmagnesium chloride in THF) and 1-butyl-1-methyl-
pyrrolidinium TFSI ionic liquid at 100 °C. Scan rate: 10 mV/s [82]. Reprinted from ref. [83]. Copyright
2010, with permission from Elsevier and reproduced with permission from the Electrochemical Society

methoxyethyl)ammonium NTf, to ethereal Grignard solutions (EtMgBr—-THF)
showed improvement of cyclability, less electrolyte volatility, and a considerable
coulombic efficiency of 93%. Kakibe et al. [83] achieved similar success utilizing
bis(fluorosulfonyl)imide [FSI] anion and the same cation in a Grignard solution of
MeMgBr-THF. The work showed that FSI anion was effective in improving the
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cycling efficiency to above 90% in combination with the NTf, anion previously
studied. Similar results were published by Yoshimoto et al. [85] where the effect of
the alkyl chain on the Grignard molecule was addressed. As Kakibe et al. [83] reports,
it was concluded that MeMgBr-THF with methyl-N-(2-methoxyethyl)ammonium
NTf, produces a conductive solution that can support efficient cycling of Mg metal.

Luder et al. reported [32, 33] on the ability to electrochemically synthesize EtMgBr
in ionic-liquid-based nonaqueous media. Utilization of high-boiling ether TEGDME
could be used instead of the low-boiling THF that was demonstrated, without any
influence on the reaction products. Mg surface electropolishing was observed visually
and by SEM and AFM. This suggests a process involving Mg cation transport through
a compact film composed of oxidized Mg and reduced solvent species. The described
processes and phenomena could be used with numerous different reagents and
parameters in a myriad of applications for the benefit of research on one hand, but
also for the pharmaceutical and chemical industries on the other hand. Possible
applications include industrial bulk Grignard synthesis in a controlled flowing
framework, electrolyte synthesis for Mg batteries (especially Mg—air—had been
demonstrated in this study) before and during discharge, and Mg electropolishing for
surface finishing or the preparation of smooth substrates [32, 33].

3.2.2.2 Phosphonium Chloride Ionic Liquid Another type of RTILs was used by
Khoo et al. [86], who studied Mg dissolution in [Pg ¢ ¢.14]Cl, applying small amounts
of H,O as an additive, as part of a primary Mg-air cell discharge experiment. It was
established that although H,O may react with Mg, as expected from the active
nature of the metal surface, it is a necessary ingredient for this RTIL electrolyte
system. Khoo et al. [87] also studied the influence of H,O presence in the RTIL. It
was established that water presence combined with Mg®" cation, originated from
the anode discharge, provide the conditions for gel-like layer formation on the metal
surface. The layer was found to be Mg cation conductive and stable for side
reactions related to the cathodic processes in the air electrode, such as hydroxides
formation. The gel-layer, white in color, was reported (based on elemental analysis
and spectroscopic studies) to have [Pgg¢6.14]C1-:2(MgCl,)-37H,0O stoichiometry.
Moreover, ex situ preparation of the same gel and then utilization of such in a
battery cell as electrolyte, allowed dissolution reaction of Mg at 0.05 mA cm ™~ for
over 48 h (titanium mesh was used as the air electrode) [87]. In this research stage,
the prepared gel electrolyte shows the ability to be utilized in primary Mg-air
batteries. Nevertheless, the extended stability of Mg/electrolyte interface and the
produced layer conductivity to Mg>" cations may serve as a starting point for
research on secondary Mg—air cells.

3.3 Polymer Electrolytes
Magnesium-O; cells (100% oxygen in contrast to ~20% oxygen in air) have been
constructed with solid-state Mg ion conducting polymer electrolytes [88] soaked

with ethylene-carbonate/propylene-carbonate with a dissolved Mg(ClO,), salt. The
proposed reaction for a nonaqueous cell in dry conditions is:
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2Mg,, + Oz — 2MgO. (14)

Capacities in the range of 800-1400 A h g~' (charge per weight of active carbon
in cathode) have been reached at various temperatures and water contents. In
addition to the fact that 100% of O, was used instead of air, working voltages are
quite low (<1.1 V) with inapplicable current densities of 0.075 mA cm 2. Higher
current densities in organic electrolytes with Mg salts are difficult to achieve due to
their low conductivity, especially when soaked in solid polymer electrolytes
[68, 88].

A different approach to polymer batteries was addressed by applying RTILs.
Among the different types of ionic liquids, as already described above, an
additional type is the one based on choline. These liquids are considered to be of
low toxicity and may be utilized in a variety of biomedical applications [89-91].
The reason for this is related mostly to the fact that choline (more correctly
cholinium) is a naturally occurring cation that can work as a cell-signaling agent
[92]. Choline-based salts were studied recently in IL—gel systems, as a media for
cancer therapy delivery [93]. Choline nitrate, [Ch][NOz], was chosen in Jia et al.’s
[93] work due to the low viscosity and high conductivity of this specific ionic
liquid.

In this study [93], an integrated solid-state battery was demonstrated using a
compact bio-battery system with the use of this thin-film gel electrolyte-based
chitosan—choline nitrate, as shown in Fig. 9a. Bio-resorbable Mg alloy and
biocompatible polypyrrole—para(toluene sulfonic acid) served as anode and
cathode, respectively. The gel electrolyte was shown to be mechanically robust
and provided a high ionic conductivity (Fig. 9b). An open-circuit voltage of 1.80 V
and an output power of 3.9 W L™" was recorded [93]. This performance could be
used to drive some low-power intermodulation distortion systems (IMDs) such as
cardiac pacemakers or biomonitoring.

3.4 All Solid-State Cells

Inoishi et al. presented a concept of Mg-air solid oxide cells based on Ca-
stabilized ZrO, as electrolyte, in a so-called ‘‘oxygen shuttle’’-type battery [94].
The cell presented an open-circuit potential of 1.81 V with a discharge capacity of
1154 mA h gl\_,llg (52% of Mg theoretical capacity) [94]. In the same study, the
researchers attributed the low-usage efficiency of Mg to the parasitic reaction of
the Mg metal with the Al,O3 vessel; nevertheless, they assigned the discharge
capacity of the full cell to magnesium oxidation. The measured transport number
of ZrO,-based oxide ion conductors was nearly unity over wide O, partial
pressures. From the lower potential of Mg/MgO, in comparison to that of H,/H,O,
oxygen concentration cell is achieved by a direct oxidation of Mg. Thus, oxygen
simply permeates through the electrolyte [94]. The advantages of using oxide ion-
conducting electrolyte will be described in detail in the silicon—air chapter.
Moreover, when compared to the counter-diffusion of H, and H,O, the diffusion
of O, is much faster, allowing significantly greater power abilities than the H,—air

Reprinted from the journal 143 @ Springer



Top Curr Chem (Z) (2016) 374:82

a tosan
r i
Cathode, PPy-pTS 0 \;_D‘ o

' HO -
NH,

Chaline Nitrate @@

Gel electralyte

Chitosan-IL N NO4y'

Anode, Mg alloy OH

Electrolyte

Fig. 9 a Schematic configuration and optical image of cross-sectional view (20° tilted) of the integrated
solid-state Mg—air battery. b Digital image of a CS—[Ch][NO;3] (1:5) polymer electrolyte film
demonstrating its mechanical robustness [93]. Reprinted with permission from ref. [93]. Copyright
2014 American Chemical Society

fuel cells [94]. Using an oxide ion conductor with a high-transport number of
oxide ions, particularly in a reducing atmosphere, an increase in open-circuit
potential and capacity is possible [94]. Additionally, a rechargeable Mg-air
battery can be achieved by utilizing an electrolyte with superior stability in a
reducing atmosphere or in contrast, lowering of the cell-operating temperature
[94].
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4 Nonaqueous Al-Air Batteries
4.1 Introduction

Aluminum-—air batteries are being less researched compared to other NANA
systems [6]. This fact is surprising when considering the commercial advantages
of Al metal in power-source applications such as the abundance in earth crust
[34, 37] and the low anode cost. In aqueous alkaline systems, an Al-air battery can
provide an energy density of around 200 W h kg™' for a full primary device
[6, 34]. Additional advantages of Al-air cells are the low anode equivalent weight
and the safety of cell ingredients [34, 49]. Moreover, Al and Al-based compounds
are considered to be non-toxic and environmentally friendly [34, 35, 49]. An
aluminum battery may be used in a variety of applications, such as field-
portable emergency power supply, remote power applications, and last but not
least, as a power source for electric transportation [35, 49]. On a theoretical level,
Al possess half of the gasoline energy content per unit weight (8100 W h kg~' for
Al-air [35, 49, 95] and 13,000 W h kg_1 for gasoline [8]) and three times the
energy per unit volume (21,870 W h L™ for Al-air and 9700 W h L™' for
gasoline [96]). In the case of electric vehicles (EVs), state-of-the-art utilization
can approach 1700 W h kg™' [8]. For aqueous Al-air batteries, reports as early as
1960s exist with two main efforts and technologies being the focus of the research
in the last 50 years: alkaline or saline electrolytes [34, 35, 49]. Aluminum anode
should exhibit, thermodynamically, a potential of —1.66 V in saline and —2.35 V
in alkaline solutions [35, 49]. In practice, Al electrode operates at significantly
lower potentials, due to a voltage delay attributed to oxide/hydroxide films.
Additionally, in aqueous media, Al undergoes tremendous parasitic corrosion
reactions. This lowers the Al-metal utilization and coulombic efficiency, leading
to a massive hydrogen gas production and evolution [35, 49]. Additional challenge
considered aqueous media relates specifically to alkaline electrolytes; as part of
the discharge reaction, a progressive consumption of hydroxyl ions occurs near the
anode, bringing the electrolyte into saturation with aluminate. At the end of the
discharge process, the concentration exceeds the super-saturation level, and a
precipitation of crystalline Al hydroxide occurs, leading to a loss of the ionic
conductivity [35, 49].

When one thinks of the possibility of rechargeable Al-air batteries in aqueous
media, some essential issues should be considered. In alkaline electrolytes, Al
hydroxide (AI(OH)3) is produced along with alumina (Al,O3) as discharge products.
While hydroxide-based discharge products are considered as recyclable, the alumina
is not. Additionally, in moderate alkaline solutions, Al,O3; may be formed on the
anode surface as a passivation layer, preventing long-term operation. In concen-
trated alkaline electrolytes, the previously addressed corrosion reactions hamper the
cell stability. Moreover, hydrogen evolution reaction in these specific solutions
occurs much before any possible Al deposition [34], meaning, in order to operate
secondary Al-air cells non-aqueous electrolytes should be addressed and studied.
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4.2 Liquid-Based Cells
4.2.1 Alcohols

The only known attempts, in the best of our knowledge, to apply non-aqueous
solution in Al-air cells consider alcohols. Alcohols used as solvents for both
aqueous and non-aqueous alkaline KOH electrolytes utilizing Al as an anode. The
solvents include methanol [97, 98], ethanol [99], and propanol [100]. Without water,
no hydrogen evolution occurs due to extended electrolyte stability. Additionally,
under open-circuit conditions, the corrosion current densities were measured at low
values of 0.0976 mA c¢cm~2, in a 4 M KOH solutions at 25 °C [99]. Nevertheless,
due to decreases in the ionic conductivity of the electrolyte and extended
passivation of the surface, almost no Al electrochemical dissolution is possible
[97, 101]. In order to improve the dissolution rate, water—alcohol mixtures may be
applied, with some increase in the currents, yet below the values achieved in only
aqueous solutions. One should note that the experiments conducted with pure Al
(99.9995%), rather than with alloys, as different behavior may be anticipated [34].
The electrolyte stability at the air—cathode side is considered a critical issue is Al-
air cell implementation. In the case of Pt-based catalyst in the air cathode, methanol-
and ethanol-based electrolytes were found to be unsuitable, as they are oxidized,
releasing carbon dioxide gas [102, 103]. Other catalysts, such as tungsten carbide-
silver composite (Ag-W,C/C) [104] and a Laj¢Cag4Co00O; perovskite were also
studied and used with some success in alkaline alcohol-water mixtures as oxygen
reduction reaction (ORR) catalysts [105].

4.2.2 Ionic Liquid Electrolytes

As previously explained, aqueous-based Al-air batteries can be used only as
primary power sources due to the fact that Al cannot be electrodeposited in this
specific media [106, 107]. Therefore, possible electrolytes for rechargeable Al-air
batteries are the aprotic ones such as ionic liquids [107].

4.2.2.1 Chloroaluminate Ionic Liquids Chloroaluminate-based liquids are a so-
called “first” generation of RTILs and they are already in use for Al electrode-
position [48, 106, 108].

The synthetic procedure for manufacturing chloroaluminates is based on
combining highly hygroscopic AlICl; with a suitable organic chloride such as N-
butylpyridinium chloride (N-BPC) and 1-ethyl-3-methylimidazolium chloride
(EMImCI) [109]. The utilization of such electrolytes in Al-based power sources
was already presented by several researchers [34]. One of the main disadvantages of
this kind of solutions is the difficult preparation procedure, related to a highly
exothermic reaction between 1-ethyl-3-methylimidazolium chloride (EMImCI) and
AICl3, which increases the overall substance price and decreases the safety of the
electrolytes [110, 111]. For other possible cations, such as trimethylphenyl
ammonium (chloride), the cost and the safety are substantially improved, albeit
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some decrease in the performances is evident [112]. The ionic conductivity of
EMImAICl, is 0.017 S cm™! [110], inferior to aqueous solutions electrolytes, such
as alkaline KOH (0.7 S cm~! for 7 M KOH at 30 °C) [113, 114]. Nevertheless, due
to their extreme hygroscopicity, all chloroaluminate-based ionic liquids must be
handled under an inert-gas atmosphere or at least under dry air [106, 115, 116].
Thus, this type of RTIL is quite challenging to be utilized in Al-air batteries, unless
the cell could be sealed completely and only an O,-permeatitation would be allowed
through the air—cathode membrane [117]. Additionally, cycling the AlICl3/EMImCI
(as part of dissolution/deposition reaction) at the Al surface, results in changes in its
composition, leading to a dramatic limit of the cell cyclability [34]. Revel et al.’s
recent study [47] presented Al-air in AICl;/EMImCI] mixture and the battery
exhibits a low-self discharge rate. The cell capacity was measured to be
71 mA h em™2 at 0.1 mA cm ™2, similar to previous reports in Li—air and superior
to any known data in Li-ion cells [47]. As presented there, the cell can sustain
current densities of up to 0.6 mA cm 2 [47]. In addition, it was concluded that
charging such a system is possible, but with a limitation, attributed to the air
electrode and the over-potential (charge) was found to be above the stability limit of
the electrolyte. The presented results of this specific work are somewhat
contradicting the previously explained inherent challenges related to utilization of
chloroaluminates in Al-air batteries. Mostly, the extreme hygroscopicity of these
liquids was not addressed at all by the authors, and the problems involved in
development of such electrolyte-based batteries were not disclosed.

A different type of cathode, besides air, may be used when Al power sources are
studied in chloroaluminates media. The cathodes that are under intense focus of the
research community are operated by a reversible electrochemical intercalation of
AP [46]. Many of the cathodic materials utilized in secondary Al batteries include
Chevrel phase MogSeg, V,0s, Ag halides, and various manganese oxides, which
were previously applied as cathodes in Mg battery research [41-46, 118].
Nevertheless, secondary Al cells based on the suggested cathodic materials suffer
severely from a low open-circuit potential in comparison to the Mg parallels.
Although this subject is not in the scope of this review, it is important to notice that
the vast majority of these studies used EMImCI/AICI; as the electrolyte of choice.

4.2.2.2 Alternative Ionic Liquids The “second” generation of RTILs, which are
air- and water-stable ionic liquids such as 1-butyl-1-met hylpyrrolidinium bis(tri-
fluoromethylsulfonyl)imide BMPTFSI, 1-ethyl-3-methylimidazolium bis(trifluo-
romethylsulfonyl)amide =~ EMImTFSI  and  (trihexI-tetradecyl)phosphonium
bis(trifluoromethylsulfonyl) imide Py466¢TFSI [106], may serve as a possible
alternative for Al-air batteries electrolytes. With an addition of AICI; to these
solvents, a successive Al deposition and dissolution cycles were reported, as shown
in Fig. 10. Charge efficiencies of 100, 4 and 87%, respectively, were measured at
25 °C [106]. It was marked that EMImTFSI results were superior to the other two
liquids, because of its lower viscosity. This electrolyte allowed higher discharge
current density up to 12 mA cm™2 compared to 0.1 mA cm™> for BMPTFSI and
0.4 mA cm ™ for Py46.66TFSI [106].
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Fig. 10 Cyclic voltammograms recorded on Au substrate at 25 °C in the ionic liquid (scan rate: 10 mV/
s): a 1-butyl-1-methyl pyrrolidinium-bis(trifluoromethylsulfonyl)imide containing AICI; 1.6 M (from the
upper phase of the mixture). b 1-Ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide saturated
with AICI; (from the upper phase of the mixture). ¢ Trihexyl-tetradecyl phosphonium Tf,N containing
4 M AICl; [106]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with
permission from ref. [106]

A very different approach to the conventional practice in Al-based power source
was reported by Gelman et al. [49]. This study was performed without any use of
AICl; or in fact any chloro-based materials at all. In the work, a 1-ethyl-3-
methylimidazolium oligo-fluoro-hydrogenate EMIm(HF), sF RTIL was applied and
used. The produced Al-air cells were able to sustain current densities up to
1.5 mA cm 2, achieving capacities above 140 mA h cm™~ utilizing as much as
70% of the theoretical Al energetic capacity, as presented in Fig. 11a [49]. These
values correspond to tremendous energy densities of 2300 W h kg™' and
6200 W h L™". As a reaction discharge product, only Al,O; was detected at the
air electrode, coupling the oxygen reduction coupled with migrated Al ions, as
shown in Fig. 11b [49].
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Fig. 11 a Al-air battery discharge profiles at different current densities of 0.1 (black square); 0.25 (red
circle); 0.5 (green up-based triangle); 1 (cyan diamond), and 1.5 mA-cm~? (blue down-based triangle).
b Back-scattered electron (BSE) SEM micrographs of air cathode electrode surface after discharge at
1.5 mA cm™2 [49]. Reprinted with permission from ref. [49]. Copyright 2014 Royal Society of Chemistry

4.3 All Solid-State Cell

No signification repots on solid-state Al —air batteries in non-aqueous media was
found, as far as we are aware off. It is not reasonable to apply and implement the
oxygen-shuttle concept with Ca-stabilized ZrO, (CSZ), as the electrolyte, shown for
various metals—air in the previous report by Inoishi et al. [119], since Al ion may
poison the oxygen ion conducting membrane [120]. A possible approach can be
adopted from the all solid-state Si—air battery, which utilizes HEMA polymer [56]
as the polymer electrolyte soaked with EMIm(HF), ;F ionic liquid.

Reprinted from the journal 149 @ Springer



Top Curr Chem (Z) (2016) 374:82

5 Nonaqueous Silicon—Air Batteries
5.1 Introduction

A highly promising battery system, based on its high theoretical specific energy of
8470 Wh kg~' and an energy density of 21,090 Wh L™", is Si-air [56]. The battery
theoretical capacity, 3.816 Ah kg™', is very close to the well-studied, Li—air
3.86 Ah kg~'. The Si-air battery system, first reported in 2009 [57], provides an
operating voltage of 0.8—1.1 V, under loading of 0.01-0.3 mA cm 2. Opposite to
Li—air, the Si-based battery does not exhibit many of the environmental and safety
issues as partially hampered Li-based battery development. In the case of Si anode,
ambient atmosphere does not affect in any way the system stability and safety, since
the ionic liquid-based electrolyte is non-volatile. In addition, the discharge product,
being Si0,, can be disposed or recycled [56].

5.2 Liquid-Based Cells

The work by Cohn et al. [55-60] addresses the study and development of a rather
new and unique non-aqueous Si—oxygen couple. This system is comprised of a
single-crystal Si wafer as the anode and EMIm(HF), ;F room temperature ionic
liquid (RTIL) as the electrolyte. It has been identified that the most appropriate Si
type to serve as the anodic active material is heavily doped n-type. Heavily doped
n-type Si benefits from a low self-discharge rate (with corrosion rate of 0.078 nm/
min), together with cell potentials, varies from 1.1 to 0.8 V, with current densities of
0.01-0.3 mA cmfz, as shown in Fig. 12 [58].

EDX and XPS examinations confirm the sedimentation of SiO, over the air
electrode [58]. This deposit is considered to cause pore clogging in the active carbon
layer of the air electrode, leading to a decrease in available active sites for oxygen
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Fig. 12 Discharge plots of Si-air cells using EMIm(HF), 3;F RTIL electrolyte at different constant
current densities [58]. Reprinted from ref. [58]. Copyright 2010, with permission from Elsevier

@ Springer 150 Reprinted from the journal



Top Curr Chem (Z) (2016) 374:82

reduction, which contributes to lower performance of the air cathode. A suggested
model is presented in Fig. 13 for low and high discharge currents [58].

Water addition to EMIm(HF), ;5F electrolyte had a massive impact on the discharge
performance of Si—air batteries [59]. Variations in the volumetric water content in the
electrolyte significantly influence the discharge mechanism and capacity of Si-air
batteries [59]. Maximum cell discharge capacity was obtained with the addition of
15 vol% of water, where the capacity was increased by 35% compared to the capacity
obtained with a pure RTIL electrolyte. This improvement is attributed to a shift in
Si0, reaction zone, leading to a distribution of the SiO, formation zones; now, some
of it is being formed in the bulk electrolyte, in contradiction to a formation solely at
the air electrode with a pure RTIL electrolyte. Water-uptake studies showed that the
hydrophilic EMIm(HF), ;F RTIL can sustain a high amount of water and can be
operated under an extremely humid environment [59]. Operating in a humid
environment not only did not degrade the Si—air cell performance dramatically, but
rather contributed to an impressive increase in the discharge capacity. However, the
addition of water encouraged the formation of an oxide passivation layer on the Si
substrate, which resulted in higher cell impedance [59]. The water content had an
effect on the surface morphology of the Si anode as well. A porous structure was
obtained with and without water in the electrolyte, as shown in Fig. 14 [59]; however,
the surface etching mechanism was not identical in both cases. The results reinforce
the fact that water is formed and plays a major role in the discharge process of Si-air
batteries, and thus, greatly affects the cell’s efficiency.

Si—air battery studies [55-60] were performed mostly on MnO,-catalyzed air
cathodes. A model was proposed showing that the air cathode was not only blocked
by SiO, reduction products upon discharge but also experienced a major

Fig. 13 A model for SiO, reaction product deposition on porous carbon air electrode. a Low discharge
currents and b high discharge currents [58]. Reprinted from ref. [58]. Copyright 2010, with permission
from Elsevier
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Fig. 14 HRSEM micrographs of the Si wafer anode obtained after discharge at a current density of
03 mA cm 2 at different capacities and electrolytes: a 18.34 mAh cm™2, pure RTIL;
b 18.34 mAh cm ™2, 15 vol% of H,0 in the RTIL [59]. Copyright 2011 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. Reproduced with permission from ref. [59]

modification in the MnO, catalyst nature via the formation of a MnF, surface layer.
This modification greatly influences Si—air battery performance and provides an
additional explanation to the limited discharge capacity and inhibited cell discharge
[60]. Electrochemical impedance spectroscopy (EIS) studies along the discharge
process were applied to characterize the interfaces between the battery’s electrodes
and electrolyte, and to describe the better explain the discharge profile of a Si—air
battery. Flat-band measurements showed that n-type Si was under depletion during
battery discharge [55, 121].

EIS results showed a negligible impedance contribution of the processes at
the air cathode compared to the Si anode side. The impedance data, in terms of
an electrical equivalent circuit, revealed the parameters related to space charge
capacitance and charge transfer, and indicated that the active electrochemical
area remained unchanged, even though the formation of porous structure was
observed. Furthermore, the capacitance of the space charge layer was well
correlated with the doping concentration of the Si anode. Comparing the
potential profile of the complete Si—air cell to that of the distinctly two
electrodes half-cells, provided experimental evidence for the domination and the
negative impact (in terms of capacity and voltage drop of the Si-air cell) of the
Si anode over the air cathode. The discharge capacity of the Si—air battery can
be significantly increased by replacing the discharged inactivated Si anode
towards the end of the discharge process. A suggested mechanism for anodic
etching of Si in EMIm(HF),3F RTIL, based on an electron-injecting surface
complex, is shown in Fig. 15 [55].

A silicon—air battery based on EMIm(HF), ;F room temperature ionic liquid
as the electrolyte is attractive for a wide range of applications, starting from
micro electro-mechanical systems and up to large mechanically rechargeable
batteries.
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Fig. 15 Equivalent circuit
chosen to model the impedance
behavior of an Si-air battery,
and Schematics of porous anode
surface. Inset exhibits two
surface layers; the inner
represents the space charge layer
and the outer represents the
oxide layer [55]. Reprinted with
permission from ref. [55].
Copyright 2013 Royal Society
of Chemistry

5.3 Gel Polymer-Based Electrolyte

Gel polymer electrolytes (GPE) have attracted much attention as electrolytes for
many solid-state electrochemical devices, such as chemical sensors [122], solar cells
[123], and mainly Li batteries [7, 124, 125]. GPEs are formed by incorporating a
liquid electrolyte into a polymeric matrix; therefore, the conduction mechanism in
polymer gels is similar to the one observed in liquid electrolytes, with the advantage
of a solid structure. The GPEs are thus highly safe, shape-flexible, mechanically
stable, and display only a modest loss in ionic conductivity upon operation. The
most common polymer matrices used for GPEs are poly-methylmethacrylate
(PMMA), poly-vinylidenefluoride (PVdF), poly-ethyleneoxide (PEO), and poly-
acrylonitrile (PAN). GPEs for Li-ion electrolytes, containing the polymeric matrices
mentioned above, show typical ionic conductivity of the order of 1 mS cm™', at
room temperature. Within the massive introduction of RTILs into electrochemical
applications, the combination of these interesting liquids together with polymers, in
order to form gel-like electrolyte, is widely investigated [126—128].

Tsuda et al. explored the feasibility of various combinations of EMIm(HF), ;F:
polymer composites, in terms of ionic conductivity, air stability, and electro-
chemical window [129]. The compounds 2-hydroxyethyl methacrylate (HEMA),
vinyl acetate, 1-vinyl imidazole, and methyl methacrylate were used as monomers.
From all of the above, the only successive combination was identified to be the
mixture of EMIm(HF), ;F and HEMA, which polymerized into a transparent gel.
It was found that the conductivity of the GPE decreased dramatically with a
decrease in RTIL molar content in the mixture. For 60 mol% RTIL, at room
temperature, the conductivity was found to be 23 mS cm™', compared to
100 mS cm™" for the neat RTIL. The apparent electrochemical window of the
50 mol% RTIL mixture was found to be 0.3 V wider than for the pure RTIL. No
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change was observed in the cyclic voltammogram for the 50 mol% RTIL mixture
after 1 week of exposure to air, indicating a stability of the mixture in contact with
air [129].

Applying the previously suggested method of composite polymer electrolyte,
Cohn et al. [56] implemented and studied EMIm(HF), ;F RTIL and HEMA polymer
in different compositions (shown in Fig. 16a), from 40 to 70 mol% of RTIL. The
constructed freestanding membranes were proven to be mechanically stable, having
a uniform structure, without any evidence of aggregation or phase separation. The
applied compositions were thermally stable up to a temperature of 270 °C. In
addition, it was observed that the electrolyte ionic transport number increases with
an increase in RTIL content in the GPE. Moreover, all the polymer electrolytes were
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Fig. 16 a Photograph of a EMIm(HF),;F RTIL/HEMA polymer gel electrolyte. b Galvanostatic
discharge curves of Si-air cell, comprised of Si wafer anode, air cathode and EMIm(HF), ;F RTIL-

HEMA (70 mol% RTIL gel polymer electrolyte) [56]. Reprinted from ref. [56]. Copyright 2011, with
permission from Elsevier
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found to exhibit an ionic transport number close to unity, implying an ionic
conduction as the charge transfer mechanism across the GPE. It was also found that
the GPEs have good compatibility with both the Si anode and the air cathode [56].

Si—air batteries utilizing polymer gel electrolytes, based on EMIm(HF), ;F RTIL
and HEMA polymer, were operated under a discharge current density of
0.1 mA cm 2. The results show relatively long discharge times, up to 850 h
(Fig. 16b). However, the operating voltage is lower with respect to a cell discharge
utilizing the ionic liquid alone [58], due to a general lower ionic conductivity of the
polymer electrolyte compared with the pure RTIL. Another challenge in this system
was found to be a lack of intimate contact between the Si-based anode and the air
cathode, as the reacted anode surface area was lower than expected. GPE-based Si—
air batteries can be utilized for powering low-power devices because of the
associated high specific energies [56].

5.4 All Solid-State Cells

Producing and developing a rechargeable Si-air battery-based liquid or gel
electrolytes was found to be difficult and challenging due to the problematic
Si oxide electrochemical reducing process, related strongly to its high stability
and high theoretical oxidation potential [55, 57, 130]. The work by Inoishi
et al. [131] reports on an application of an oxide ion conductor as the
electrolyte in a Si-air rechargeable battery based on the oxygen shuttle
concept. Based on this study [131], the oxide ionic conductor method has
advantages in metal-air batteries. Solid oxide ion conductors are chemically
stable, in a wide range of potentials, meaning that only negligible decom-
position or reaction of the electrolyte with other materials occurs. Addition-
ally, due to the low vapor pressure, the evaporation of the electrolyte is not an
issue, opposite to liquid electrolytes such as carbonates or ethers. Finally, the
temperature stability of these materials allows operating conditions in a range
of temperatures as wide as 373-1273 K [131]. According to Gibbs free energy
consideration of the reactions, it is expected that Si will be reduced or
oxidized at elevated temperatures. Such application of oxide ion conductor in
a Si-air battery at a reasonably elevated temperature should allow reversible
cell operation [131].

A rechargeable battery based on an oxygen shuttle concept and using a ZrO,
oxide ion conductor stabilized with CaO (CSZ), in which oxygen permeates through
an electrolyte both during discharge and charge as the result of electrochemical
pumping. The schematic cell structure is shown in Fig. 17a [131]. The open-circuit
voltage was measured at 1.34 V, in an intermediate value between the theoretical
potentials of Si/SiO (0.958 V) and Si/SiO, (1.821 V) [131]. It was assumed that the
voltage is a mixed potential assigned for both formation SiO, and SiO formation. It
was also shown by XRD studies that reaction in Eq. (15) appears to be the dominant
process in the Si—air battery, with minor contribution from reaction in Eq. (16)
[131].
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2Si + 0, — 2Si0, (15)
Si + 0, — Si0,. (16)

The charge—discharge behavior was measured with the use of a Pt/Ca-stabilized
zirconia (CSZ)/Pt cell with Si at 1073 K. The capacity for the first discharge cycle
was around 368 mA h gg;', but an increase of capacity up to 701 mA h gg;'was
recorded for the third discharge. Figure 17b shows the energy density and round-trip
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efficiency. The energy density was measured to be larger than 400 W h kgg;',
nevertheless the efficiency was only around 45%. These results are inferior to the
already established performances of other rechargeable systems [131].

6 An Overview: Conclusions and Perspective
6.1 General

In this manuscript, a number of leading metal-air systems, which are the next
generation of the Li and Zn—air batteries, were reviewed. The most common feature
to all NANA systems is the fact that their true implementation can be achieved only
by using non-aqueous electrolytes. The first and foremost important issue regarding
any possible utilization relates to the interaction between anode and electrolyte. The
conditions necessary to create an effective battery should include simultaneously
two different surface conditions in the contact between the anode and electrolyte:
(1) the activation of the anode surface by the electrolyte—meaning removing the
layer of oxide layer and allowing active metal dissolution (discharge), (2) relatively
low corrosion rates (orders of magnitude lower that the discharge) in order to enable
efficient battery. Thus, the main challenges with all NANA systems is achieving
both activation of the anode surfaces and at the time, allowing simultaneously
reversible metal deposition (at the anode) and metal-oxide reduction, releasing
oxygen at the cathode.

While reviewing the studies in the NANA batteries field, it could be seen that
there is no uniform or unified methodology of research. There are attempts to get
directly to the application itself (battery) and there is less focus on the scientific
aspects of the single component or possible interactions components. This fact
obstructs the possible progress in the research of many areas in NANA metal-air
battery systems. This is in contrast to the current research in lithium and sodium-air
batteries. In these two systems, scrupulous scientific work is conducted and usually
comparisons between the two are applied. This leads to a deeper and better
understanding of the involved mechanism and it of course more effective.

6.2 Magnesium—Air Battery System

Although Mg-air battery research should be the most advance compere system
compared to the other NANA batteries, based on the intensive studies in the field of
Mg-ion battery, there is only a few reports on full Mg—air cells. The initial studies
on electrolyte developing for reversible Mg processes were centered on Grignard
base materials (RMgX, where R = alkyl, aryl group and X = halide) or very
similar analogous, dissolved in an organic solvents. Due to the problematic stability
and considerably low conductivity, pseudo-Grignard systems were developed,
composing charged acidic and basic components in ethereal solutions. Although
these novel organic electrolytes show adequate conductivity and good electro-
chemical stability, these solutions are still volatile and mostly unstable in an
ambient environment. This was one of the reasons to combine the Grignard-based
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organic electrolytes with RTILs, thus improving the conductivity on one hand and
decreasing the volatility on the other hand.

A variety of standard and well-known ionic liquids react with Mg and forms on
its surface a layer of products. The constructed layer is generally hampers Mg
diffusion through it and infect rather passivates the surface; meaning, instead of SEI
as it forms in Li in organic media, a passivation layer is the outcome of Mg
interaction with RTILs. With the fact that a vast number of possible commercially
available RTILs proved to be unstable with Mg, possible “tailoring” of the
chemistry has not yet been explored in detail. With better understanding of the
required chemistry, one can assume that a suitable RTIL could be synthesized. Such
ionic liquid should provide the conditions for proper Mg electrochemistry by either
stability in the Mg potential or by constructing a suitable permeable to Mg ions SEI
layer. Thus, novel electrolytes, especially ionic liquids, should been synthesized and
investigated for developing successful Mg—air batteries.

6.3 Aluminum-Air Battery System

In alkaline media self-discharge, accompanied by considerable amount of heat
generate and vast hydrogen generation results in a high rate of water loss and
electrolyte dehydration what also the Al anode shelf life. To overcome this problem,
the use of different non-aqueous electrolytes was suggested and conducted. The
main challenge in non-aqueous media was and still is an activation of Al surface.
Thus, the main electrolytes that have been used for this matter are the ones based on
chlorides, and more specifically on Al chloride (AICl;). The use of Al chloride
(AICl;)-based electrolytes are not restricted to the field of Al-air but also relevant
and applicable in other Al-based power sources, without any real success. The leap
in successful utilization of Al as anode in a variety of battery systems could be made
with synthesizing, and studies of non-chloride containing electrolytes, which should
have improved chemical and humidity stability.

6.4 Silicon-Air Battery System

Surprisingly enough, only a few solutions have been studied as electrolytes for Si—air
batteries. The huge potential of using Si wafers as anode and powering independently
the devices integrated directly on it brings this type of batteries as needed future
solution in microelectronics and MEMS industries. One of the major applications of
Si—air would be its integration into lab-on-a-chip device. The use of oligo-fluoro-
hydrogenate RTIL as the electrolyte for Si—air batteries was groundbreaking, as it
allows the development of a primary system. It seems that currently this RTIL is the
most important component for any future development and commercialization of
sustainable solid-state Si—air battery based on the utilization of a HEMA polymer.

6.5 All Solid-State Metal-Air Battery Systems

The area of solid-state batteries is highly important in order to introduce stable,
durable, and most importantly, safe batteries. Not so many reports have been
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published until now in the field of all solid-state Mg, Al, Si-air battery systems. A
variety of metal-air systems have been studied and reported by Ishihara and his
coworkers. The systems are incorporating and utilizing an oxide ion-conducting
electrolyte based on the oxygen shuttle concept and most of the cells employ Ca
stabilized ZrO,.

6.6 Full Cell Comparison

To the best of our knowledge, there are a quite small number of studies showing full
operational non-aqueous metal-air cells utilizing Mg, Al, Si metals as an anode.
This is in contrast to Li, Na—air systems where the amount of produced research is
enormous. This is not surprising in lieu of the major challenges that have been
previously thoroughly described. Table 1 summarizes the performers of NANA-
based battery cells.

From Table 1, one can conclude that rechargability of NANA is still not an issue
due to the fact that even primary Mg, Al, Si—air battery performances are still a
substantial challenge. Mg, as a metal of choice, was applied greatly than the other
metals in full battery configurations. The main reason for this is that Mg anode was
already studied with different media and electrolytes for a utilization in Mg-ion
systems. Nevertheless, when similar solutions were applied in Mg—air batteries, the
results were, in most cases, insufficient. The reason for this is mainly due to the high
reactivity and instability of the electrolyte in the presence of oxygen. It terms of
electrolytes, RTILs can be used as a promising media for utilization in NANA
metal—air batteries and can also serve as a future platform for such rechargeable
systems.

In considering a rechargeable system for Si and Al-air battery technologies, one
should plan and design functional electro-catalysts, enabling a reversible reduction
of the formed metal oxides. This in-turn would enable breaking the strong metal (Al,
Si)-oxygen bonds, leading to a reduction of the metal cation and a release of
oxygen. Yet, such an electrocatalyst is not to be found, and a major effort should be
directed towards such material development.
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Abstract Owing to the high energy and power density of lithium-ion cells
(1200 Wh kgf1 and 200 Wh kgfl) and due to their compact design, they are used
as energy storage devices in many contemporary mobile applications such as
telecommunication systems, notebooks and domestic appliances. Meanwhile their
application is not limited only to consumer electronics, they are also standard in
hybrid electric (HEVs) and electric vehicles (EVs). However, the profitable appli-
cation of lithium-ion cells in the automobile industry requires lower costs, lower
safety risks, a higher specific energy density and a longer lifetime under everyday
conditions. All these aspects are directly or indirectly related to the degradation of
the materials in a lithium-ion cell. One possibility for reducing the costs is a second
life application of the cells after their usage in (H)EVs. In order to enable this, the
safety risks at the end of life of a cell operated in a vehicle have to be reliably
predicted. This requires a fundamental knowledge about underlying material
degradations during operation. The safety risk of a lithium-ion cell increases during
operation because the voltage windows in which the electrodes are cycled shift,
resulting in a higher possibility that at least one electrode is operated in a meta- or
unstable state. Furthermore, higher impedances due to material degradations lead to
increasing heat generation and therefore to an increase in the risk of failure. Higher
energy densities can be achieved by raising the end of charge voltage of a cell,
causing additional safety risks because many cathode materials tend to decompose
at high voltages. Another possibility for achieving higher energy densities is to use
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nickel-rich or lithium-excess cathode materials, since cathodes are currently limit-
ing the capacity of lithium-ion cells. But these systems show a poor cycling stability
(a higher degradation rate). The lifetime of a lithium-ion cell is limited by the
degradation of the individual cell components. Although the degradation of mate-
rials is the key consideration in achieving lower costs, a higher safety standard,
higher energy densities and a longer lifetime, the degradation of the individual cell
components in dependence on the operation conditions has hardly been investigated
and is poorly understood. The present work reviews known material degradations in
commercial lithium-ion cells, shows a way to analyze such degradations in
dependence on the operation conditions and describes how these degradation pro-
cesses lead to observed performance drops.

Keywords Degradation of Li-ion batteries - Cell components - Safety risks -
Second life application

1 Introduction

Since the market introduction of lithium-ion cells in 1991 by SONY, the demand has
increased continuously from around 5000 MWh in 2000 to around 50,000 MWh in
2014 [1]. The worldwide demand for lithium-ion cells is driven mainly by consumer
electronics and power tools. Recent efforts to reduce CO, emissions, especially in
Western Europe and in the US, led to an expanded production of hybrid- and electric-
vehicles (H-/EV), in which a lithium-ion power unit is implemented. With the
application of lithium-ion batteries in the automobile industry, new lifetime require-
ments are affiliated. While the product life cycle of consumer electronics is often shorter
than two years, the lifetime of lithium-ion cells in an electric or hybrid electric vehicle
should reach or even exceed ten years [2]. However, material degradations still limit the
lifetime of lithium-ion cells to shorter periods of usage. Under harsh cycling conditions
such as high currents, high temperatures, high states-of-charge (SoC) and high depths-
of-discharge (DoD), the end-of-life (EoL) of commercial lithium-ion cells can be
reached much faster than required [3]. There are two dominating degradation processes:
the degradation of active materials and the formation/growth of corrosion layers [3-9].
In order elucidate the origin of these degradations, the thermodynamic reasons for
material degradation are discussed in Sect. 2.

Section 2.2 reviews which kind of material degradations are observed in
commercial lithium-ion cells. This section focuses on the anodic corrosion layer
growth and fatigue as well as on structural changes of cathode materials.

The issue of corrosion layer formation on the anode surface (solid electrolyte
interface, SEI) has been known since 1979, when Peled described the instability of
organic electrolytes at anodic potentials lower than 0.8 V vs Li*/Li [10]. Since the
market introduction of lithium-ion cells, much efforts has been put into the
stabilization of the SEI, which ideally prevents the reduction of electrolyte
components during cycling [11-14]. However, even the initial formation of the
corrosion layer consumes a lot of active lithium, which is lost for the ongoing
cycling. Therefore, the formation of the SEI reduces the specific capacity on the cell

@ Springer 170 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:54

level. Furthermore, the volumetric work of the negative electrode upon cycling
causes cracks in the active material which increase the surface area and result in an
ongoing formation of the SEI during the entire lifetime of a cell [6, 11]. Exfoliation
and self-discharge reactions lead additionally to SEI formation reactions and
therefore to the consumption of active lithium [11].

The degradation of cathode materials within commercial lithium-ion cells depends
on the type of material. In general, three types of cathode materials are used: Layered
oxides of the type LIMO, (M = Ni, Co, Mn, Al), spinels of the type LiM,O, (M = Ni,
Mn) and LiFePO, with an olivine structure. Layered oxides have a high energy density
but they show a poor power density [2, 15]. In general they suffer from changes in the
surface structure upon cycling, which lead to an impedance rise [15]. Furthermore, the
materials are unstable in highly delithiated states. High states of charge and high
temperatures accelerate the degradation processes. In contrast to layered oxides, spinels
show good power but poor energy density [2]. Manganese-containing spinels (the most
often used spinel-type electrodes in commercial lithium-ion cells) suffer from Mn-
dissolution. Two mechanisms are proposed and discussed: Either Mn>* disproportion-
ates to Mn*" and Mn”" at low states of charge (and Mn”* can dissolve) or HF is
formed out of the conducting salt LiPFs (most used lithium-ion-providing salt in
commercial lithium-ion batteries), which reacts in an acidic corrosion reaction with the
spinel structure [7, 20]. High temperatures lead to an acceleration of the Mn-dissolution.
LiFePO, seems to be more stable, but both the energy and the power density of this
polyanion compound are relatively low compared to the layered oxides and the spinels.
According to the different advantages and disadvantages of the cathode materials, they
are used for different applications: e.g. layered oxides are used in power units for
electric vehicles, where the energy density plays an important role. Spinels fit better to
an application in hybrid electric vehicles, where the power density is more important. In
the field of stationary energy storage systems the lifetime is a crucial point and therefore
LiFePO, would be a good choice.

The degradation of the electrochemical inactive components like the separator,
the current collectors and the binder play a minor role considering the performance
drop during degradation of a commercial lithium-ion cell. Nevertheless, these issues
are also briefly reviewed and discussed in Sect. 2.2.

While the abovementioned degradation processes have been extensively studied,
the interactions of the single processes in the full-cell are poorly understood [8, 9].
With the degradation of the active material and the formation of corrosion layers,
the distribution of active lithium, the state of charge (SoC) of the cathode relative to
the SoC of the anode, changes. This meansthat in spite of a constant cell voltage, the
potential windows for the individual electrodes change. The cutoff voltages for
stable and safe operation of a full cell are given by the cell suppliers. The cell
voltage is determined as the difference between the cathode potential (or the
cathode voltage, measured against a reference) and the anode potential (or anode
voltage versus the same reference). In case the potential curves of the electrodes are
shifted against each other due to the formation of corrosion layers, or one electrode
curve is compressed due to a loss of active material, the upper and lower cutoff
voltages can be derived from two points on the potential curves, for which at least
one electrode is not stable anymore. As a consequence, the cell will degrade faster
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due to irreversible side reactions. The question as to which degradation process
dominates in a full cell and how degradation processes depend on operation
conditions is widely unclear [21].

Not only does the degradation of cell components limit the lifetime of commercial
lithium-ion cells, it also increases the risk of a failure and therefore the risk of a thermal
runaway, an uncontrolled discharge reaction of a lithium-ion cell [22]. The starting
reactions of a thermal runaway are decomposition reactions of SEI components, which
can be induced by a short circuit, harsh operation conditions and/or an increase in
temperature due to high impedances. The decomposition reactions are highly
exothermic, whereby the system is heated up and the protection layer (SEI) disappears.
Further electrolyte components reach the anode surface and are reduced, which also
generates additional heat. During the SEI and electrolyte decomposition, flammable
gases are evolved. Above 130 °C the common polymeric separator melts, which causes
a short circuit, resulting in the start of cathode decomposition, accompanied by the
formation of oxygen gas (layered oxides and spinels). At this point, the flammable gases
start to burn. However, to start such a reaction cascade a high temperature is necessary
[23]. Especially due to cathode degradations the impedance increases upon cycling
[16, 17]. This leads to a lower cycling efficiency and the heat production increases.
Furthermore, high amounts of SEI products, formed during cycling, provide a lot of
energy, which can be evolved as heat during exothermic decomposition reactions.

2 Results and Discussion
2.1 Basic Electrochemistry

The origin of material degradations in lithium-ion cells is driven by thermody-
namics. This section addresses the basic thermodynamics in lithium-ion batteries
and discusses under which conditions cell materials are unstable. The basic
reactions during charge and discharge of a lithium-ion cell are shown in Eqgs. (1-3),
whereby (1) and (2) describe the half-cell reactions of the individual electrodes and
(3) is the resulting full-cell reaction:

charge

Li,M,0, = alLi'+ae” +Li_,M,0,, (1)

discharge ’

) charge
(Co), +aLit +ae” = (LiyCs),; nb=a, (2)
discharge
) charge )
LiM, 0, + (C¢), . = Li,—aM,0; + (LiyC¢),; nb=a. (3)
discharge ’

If lithium-ion and electron conductors are separated by a lithium-ion conductor
but electronic insulator, charge separation (polarization) takes place (Fig. 1).
Depending on the half-cell potentials, the amount of separated charges varies.
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Fig. 1 Schematic illustration of the charge separation within the solid electrodes of a lithium-ion battery

The mobile charge carriers (mcc) lead to a chemical potential of the electrodes,
which differs from the standard potential 1 . in an ideal solution by the natural
logarithm of the activities apne. multiplied by the absolute temperature 7 and the
universal gas constant R, Eq. (4). The activity of a species (here: lithium ions Li* or
electrons e") is its concentration times a correction factor, in which shielding effects
due to differences between the ideal and the real environment around the mcc are
considered.

Hehem,i = :ugﬁ + :u2* +RT - ln(aLiJr : ae’)' (4)

Due to differing amounts of mobile charge carriers, which are characteristic for
each material, the chemical potential of the anode and the cathode differs, Eq. (5).
Note that the term “anode” is used for the material which operates at lower
potentials and “cathode” for the material which operates at higher potentials. In
contrast, in electrochemistry the “cathode” and “anode” are the electrodes at which
the reduction or oxidation takes place, respectively. In case of a lithium-ion cell,
both definitions match only for the discharge at which the reaction proceeds
voluntarily.

:uchem, anode 7& :uchem7 cathode * (5)

The chemical Gibbs free energy AG’ is the sum over the chemical potentials
ehem, i Of the individual electrodes i multiplied with the stoichiometric factor v;
given by Eq. (6).
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AG = Z Vi * Hehem, i # 0. (6)

In general, the difference in the Gibbs free energy AG is the work obtainable
from an isothermic and isobaric system, as it is ideally present in lithium-ion cells.
However, AG’ describes only the energy of the system, which is obtainable due to
the different concentrations of mobile charge carriers in the anode and cathode.
Because of the electronically isolating separator, the diffusion of charge carriers to
compensate the different lithium-ion and electron concentrations is impeded. The
charge separation (or polarization) leads to a voltage between the electrodes, which
can be measured as the open-circuit voltage (OCV) between the anode and the
cathode (Fig. 2).

In order to describe the whole Gibbs free energy AG of the system, its
electric energy s zF'¢; has to be considered, as well. ¢; is the Galvani-potential of
the electrode i. The difference in the Galvani-potential of the cathode and the
anode, multiplied by the amount of exchanged electrons z per full-cell reaction (3)
and Faraday’s constant F' gives the maximum work which a lithium-ion cell can
deliver. The Gibbs free energy of the system thus can be reformulated as in

Eq. (7).
AG = Z Vi (:u’chem,i - ZF¢i) =0. (7)

-zF ¢ (anode) +zF ¢ (cathode)

(V)
%t ¢ (cathode)

g - 5

Hehem, anode Hehem, cathode
© Lithium-ions electrons

Fig. 2 The difference in the Galvani-potential of the two electrodes gives the open-circuit voltage
(OCV), which results from the separation of charges within the individual electrodes. The intrinsic
amount of mobile charges is characteristic for each material and determines its Galvani-potential ¢. A
counter electrode is necessary to determine the Galvani-potential of an electrode
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The difference in the Galvani-potential (multiplied with zF) acts against the
difference in the chemical potential (Eq. (5)). Therefore, the Gibbs free energy is
zero (Eq. (7)) and the system is in equilibrium. The separation of the anode and the
cathode parts in Eq. (8) results in Eq. (9). The chemical potential of an electrode
plus its Galvani-potential (multiplied with zF) gives the electrochemical potential fi;
of an electrode i, Eq. (10).

:uchem cathode — Hchem, anode = ZF‘ﬁcathode - ZF¢anodeﬂ (8)
/“tchem, cathode — ZF d)cathode = :uchem, anode ~ zF ¢anodea (9)
ﬂi = Hchem,i — ZF¢1" (10)

If an external voltage is applied to the cell or the outer electronic circuit is closed
(with a resistance in between), the differences in the amount of mobile charge
carriers lead to a diffusion of lithium ions and electrons till the difference in the
Galvani-potential is zero (closed circuit) or till the difference in the chemical
potential compensates the applied voltage (difference in the Galvani-potential). The
relation between the anode and the cathode electrochemical potentials as described
above applies only if no reactions other than (1-3) take place. If the HOMO (highest
occupied molecular orbital) or LUMO (lowest unoccupied molecular orbital) of an
actual electrochemically inactive cell component lies for some reason between the
chemical potential of the cathode and the anode, this cell component is either
reduced or oxidized. Operation conditions such as the temperature and the SoC can
change the LUMO and the HOMO level or the chemical potential (the Fermi Level)
of a cell component. Further kinetic issues, mainly determined by the applied
current, introduce inhomogeneities within the electrodes and spatially resolved
degradations are observed. Therefore, stability and degradation related issues
depend severely on operating conditions. Examples of side reactions, which are
potential dependent and in most cases irreversible, are electrolyte decompositions,
which lead to a growth of corrosion layers, dendrite formation, self-discharge,
binder decomposition, transition-metal dissolutions and surface-near composition
changes in the active materials. Besides, undesired oxidation and reduction
reactions high temperatures can lead to a loss of porosity in the polymer-separator.
Cracks, formed due to volume changes of the active materials upon cycling, may
lead to isolated particles and make the reformation of the solid electrolyte
passivation layers necessary.

2.2 Material Issues Related to Degradation

A widely used lithium-ion cell design consists of an anode (mostly graphite) and a
cathode (layered oxides, spinels or phosphoolivines) separated by an electronically
insulating, but electrolyte penetrating and thereby ionic-conducting polymer
(laminated polypropylene/polyethylene/polypropylene). The ionic conductivity
between the anode and the cathode arises from the electrolyte, which is commonly
LiPFg, dissolved in organic, carbonate based solvents. A schematic illustration of a
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Fig. 3 Illustration of specific degradation processes related to various cell components (anode, cathode,
electrolyte, separator, current collectors and corrosion/interface layers) in a lithium-ion cell. The
schematic drawing of the cell was inspired by Xu et al. [11]

lithium-ion cell, which is inspired by Xu et al. [11], is given in Fig. 3. A huge
variety of different degradation processes in lithium-ion cells are known and
concern all cell components [6-9]. In the following sections the different types of
degradation reactions are briefly introduced and explained.

2.2.1 SEI Growth/Reorganization

Much effort has been put into the investigation of the graphite electrolyte interface
[6, 11, 24-30]. Graphite (and almost all other active materials) performs periodic
volumetric work during cycling. This can be observed either with atomic force
microscopy or by a change in the lattice parameters of the unit cell (powder or
neutron diffraction analysis) [31, 32]. Even if a highly passivating and stable solid
electrolyte interface (SEI) is formed on the anode surface during the initial cycles,
the expansion of the graphite particles during subsequent cycling leads to small
cracks in the SEI [6]. Additional electrolyte molecules can percolate through the
protective film, reach the anode surface and become reduced at anodic potential
below 0.8 V versus Li*/Li [5]. Therefore, the SEI is continuously growing upon
cycling. Figure 4 shows scanning electron microscopy (SEM) pictures of a
calendaric aged and a fatigued graphite surface. While the calendaric aged surface
shows well defined contours and characteristic structures of graphite, the fatigued
surface appears smooth. Amorphous parts within the particles are identified which
can probably be attributed to SEI decomposition products.

The protection layer is formed from electrolyte decomposition products and
lithium ions (immobilized lithium salts) [27, 33]. Due to charge neutrality these
lithium ions originate from the amount of lithium that is transferred from the
cathode to the anode, and vice versa, upon cycling. SEI formation or growth can
only include the consumption of lithium ions from the electrolyte if a PFs~ counter
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Fig. 4 Scanning electron microscopy pictures of calendaric aged (a) and cycled graphite (b). The
calendaric aged sample was stored for 34 weeks at room temperature (30% SOC) while the fatigued
sample was cycled with 8C, at 50 °C and between 79 and 81% SOC. The samples are from a 7 Ah
commercial lithium-ion battery

anion is immobilized, too [21]. The amount of active lithium dictates the capacity of
a full-cell within a fixed upper and lower cutoff voltage. Lithium ions consumed
during SEI formation or growth are missing in the subsequent (de-)intercalation
process, because the amount of transferable lithium (from the cathode) is limited.
Therefore, the SEI growth leads necessarily and directly to capacity losses [34].
Many researchers also propose that the increasing surface film causes an increase in
impedance [6, 8, 29, 35]. However, in our studies of commercial 7 and 20 Ah
lithium-ion cells, a decrease in the graphite impedance with increasing fatigue was
observed. These results hold for all investigated cells, although much more active
lithium was consumed during cycling on the anode surface of the fatigued cells
compared to the corresponding pristine cells [3, 21]. The reason is probably the
increasing surface area which accompanies fatigue. This may accelerate the (de-
)intercalation reaction more than the SEI growth hinders the (de-)intercalation
process.

2.2.2 Self Discharge
Fewer efforts have been made to understand self-discharge processes in lithium-ion

cells, although these processes are partially irreversible and can also lead to SEI
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Fig. 5 Irreversible reduction of electrolyte molecules at the anode surface during storage. Due to charge
neutrality, a lithium ion diffuses towards the reduced molecule and forms an immobilized salt

growth [36, 37]. Compared to other battery technologies, the self-discharge rates of
lithium-ion cells are relatively low (lithium-ion cell: 2-3% per month; nickel-hydrogen:
roughly 1% per day [38]). In principle, self-discharge reactions can be divided into
reversible reactions, where the capacity can be gained back in the subsequent charge or
discharge, and irreversible reactions, which decrease the cell capacity [36]. Besides
mechanical issues (poor electronic or ionic isolation between cell components) the
reduction of electrolyte molecules on the graphite surface during storage is the most
dominant process affecting self-discharge in lithium-ion cells, illustrated in Fig. 5 [37].
The reductive decomposition of electrolyte molecules (the electron is provided by the
graphite) during storage leads to lithium-ion diffusion from the graphite bulk towards
the electrode—electrolyte interface to preserve charge neutrality. Once lithium ions have
reached the surface, they form immobilized lithium salts with electrolyte decomposition
products. For the subsequent (de-)intercalation these lithium ions are lost, thus leading
to an irreversible capacity loss.

Shuttle mechanisms have been discussed as reasons for reversible self-discharge
effects. The upper picture in Fig. 6 illustrates the principle of a reversible shuttle
process. Byproducts of the electrolyte SEI formation or other electrolyte compo-
nents are reduced on the anode and oxidized on the cathode within the applied
voltage window. Oxalate is one such molecule. It can be formed out of CO, on the
anode, dissolves in the electrolyte and is oxidized back to CO, on the cathode [39].
This process is a reversible shuttle mechanism. However, if oxalate or CO, reacts
further to Li,COj3, the process becomes irreversible (Fig. 6, middle and bottom
picture). Active lithium is immobilized in Li,CO; which leads again to capacity
losses [40].

2.2.3 Exfoliation

If the passivation layer on the anode surface, which is formed of electrolyte
molecules and additives, covers the anode surface incompletely, exfoliation can take
place [6, 11]. The exfoliation process is illustrated in Fig. 7. Between 1.5 V and
0.8 V (graphite vs Li*/Li) solvated lithium ions can be intercalated between two
graphite layers (Fig. 7b) [24, 32]. At voltages lower than 0.8 V vs Lit/Li, the
molecules of the solvation shell will be reduced [5, 41]. Carbonates, which built up
the solvation sheath, react towards gas formation within the graphite network
(Fig. 7c¢) [42]. Equations (11) and (12) show the reduction process of
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Fig. 6 Reversible shuttle mechanism, which leads to self-discharge without any capacity loss (upper
part), and how this mechanism can proceed to irreversible self-discharge processes (two lower parts)

propylencarbonate as published by Xu et al. [11]. The gaseous products expand and
cause cracks in the material.

Li* (PC),, < [Li* (PC), | 5" C, + C3Hg(g) + LixCOs + (m — 1)PC, (1)

-Lit,e™

(PC) [ (PC) Cn] — C, + C3Hg + Li,CO3 + (m - I)PC (12)

Further carbonates, which reach the graphite surface at voltages lower than 0.8 V
versus lithium, become reduced rather than intercalated. Figure 8 shows a scanning
electron microscopy image of exfoliated graphite. A focused ion beam cut was
made perpendicular to the surface. The particles are traversed by cavities, which are
characteristic for exfoliated graphite. Before cutting, the surface was covered with
gold by sputtering in order to prevent false interpretation due to deposits of the
cutting process on the particle surfaces.
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Fig. 7 At graphite voltages higher than 1.5 V versus lithium, the distance between the graphite layers is
smaller than the solvated lithium complex (a). At voltages lower than 1.5 V, the distance between the
graphite layers increases and solvated lithium ions are intercalated (b) [24, 32]

Exfoliation is prevented by ethylene carbonate (EC) based electrolytes or by additives
such as vinylidene carbonate (VC), which form a relatively stable and completely
covering surface film on the anode surface within the first formation cycles [11]. The
diffusion of electrolyte molecules through this layer is impeded, so the electrolyte
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Fig. 8 Scanning electron microscopy image of exfoliated graphite. The light surface film is gold, which
was sputtered on top of the graphite surface to prevent false interpretation of deposit products from the
focused ion beam cut into the surface. The sample was cycled with 8C, at 50 °C for 34 weeks before the
FIB preparation

molecules do not reach the anode surface. This is a mutual stabilization of the electrolyte
against reduction on one hand and of the graphite against exfoliation on the other.

2.2.4 Li-Dendrite Formation

Lithium-dendrite formation means deposition of elementary lithium with a
relatively large surface area. If the concentration of lithium ions at the graphite
electrolyte interface becomes higher than the saturation of the electrolyte by lithium
ions, elementary lithium deposits on the graphite surface [43]. The concentration
can overshoot the saturation limit due to high currents [44] or low temperatures
[29]. High currents lead to higher polarization effects. This means a higher amount
of Li and PF¢™ ions at positions close enough to the graphite surface for an electron
exchange. The critical amount of lithium ions close to the surface, the amount
necessary to initiate dendrite formation, can therefore be reached by increasing the
current per surface area up to a critical value [45]. At low temperatures the lithium
intercalation process becomes slower and the polarization effects increase, as well.
Furthermore, at kinks and steps on the surface the amount of lithium ions is locally
higher compared to normal surface planes due to lithium diffusion along the surface
[46]. Due to the inhomogeneous lithium concentration along the surface, the
probability of lithium deposition at defects is higher [47-49]. Moreover, the kinetics
of the intercalation are slowed down with an increasing state of charge of the anode.
As a consequence, the polarization effects increase with higher SoCs and, therefore,
dendrite formation becomes more likely. Additionally, overpotentials of the
dendrite formation process highly depend on the characteristics of the graphite
surface, on the temperature, on the surface area of the dendrites and on the lithium-
ion concentration [29, 50]. The surface area of the dendrites formed at a graphitic
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Fig. 9 Lithium dendrite formation following the example of Yamaki et al. [S1, 52]. The deposition of
elementary lithium leads to the formation of whiskers, which are deformed. If the diffusion of lithium
ions towards the solid electrolyte interface becomes limited by the presence of the dendrites, lithium ions
deposit at the tip of the whiskers and at kink sites

surface increases continuously. Therefore, the overpotentials decrease very rapidly
once the onset of lithium dendrite formation is reached. Figure 9 is a schematic
illustration of lithium-dendrite formation following the example of Yamaki et al.
[51, 52]. The inhomogeneous deposition of lithium causes stress within the
electrode, leading to a deformation of the dendrite whiskers. If the amount of
deposited lithium limits the lithium-ion diffusion through the electrode—electrolyte
interface, the incoming lithium ions start to deposit at the tip and kink points of the
whisker, too.

Lthium deposition on graphite is partially reversible. At higher anodic potentials
(> 0.06 V vs lithium) dendritic lithium (if it is still electronically contacted to the
current collector) can dissolve again as lithium ions. However, during such
processes parts of the dendrites can become electronically isolated and become
widely distributed. The arboreal growth of lithium dendrites and the spread of
isolated, elementary lithium can lead to short circuits and therefore can initiate a
thermal runaway. As long as elementary lithium is oxidized as fast as it is deposited
on the anode-surface, no imminent danger of lithium dendrites exists. In common
practice, the anode capacity per surface collector area is oversized compared to the
cathode capacity so that the graphite is cycled roughly between 0.06 and 0.9 V [21]
and elementary lithium can dissolve during the entire cycle. The ratio of negative to
positive electrode capacity (n/p ratio) is therefore an important parameter which
ensures cell safety (considering lithium dendrite formation) [53]. However, for
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kinetic reasons, harsh operation conditions can lead to lithium dendrite formation on
a graphite surface even though the potential is high enough for lithium dissolution
[29, 54]. With an increasing amount of lithium ions migrating through the anodic
surface (increasing charge throughput) the risk of lithium dendrite formation
increases, as well.

2.2.5 Electrolyte Decomposition

As long as the electrodes are in direct contact with the liquid electrolyte, the
electrolyte molecules are thermodynamically stable only if their highest occupied
molecular orbital (HOMO) has a lower energy than the lowest energy of an
unoccupied electronic state of the cathode and the lowest unoccupied molecular
orbital (LUMO) has a higher energy than the highest electronic state of the anode.
However, as shown in Fig. 10, at voltages lower than 0.8 V vs lithium (normal
anode potentials), commonly used carbonate-based electrolytes are not stable [5]. A
passivation layer, consisting of electrolyte decomposition products, is formed within
a few cycles. This passivation layer ideally impedes the transfer of electrons to
electrolyte components and prevents an ongoing electrolyte reduction during
operation. This protection of the electrolyte is schematically shown in Fig. 10, by a
red arrow. However, the formation of such a protective layer depends on the
operation conditions in the initial cycles (formation cycles) as well as in the ongoing
cycles [35]. Vinylidene carbonate is commonly used to form a stable protection
layer on the anode surface. This additive forms polymeric species on the anode
surface but still allows the penetration of the polymer film by lithium ions.
Therefore, the formation of the protection layer does not lead to an impedance rise
[55]. At temperatures higher than 60 °C the composition of the protection layers
alters and additional electrolyte molecules reach the surface, leading to an ongoing
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Fig. 10 Energy diagram showing the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the organic electrolyte in comparison to the chemical potential
of the electrodes [5]
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reduction of electrolyte molecules [55]. If the electrodes undergo volume changes,
crack formation (see Sect. 2.2.9) occurs. This makes necessary an additional
formation of corrosion layers during normal operation of lithium-ion cells.

Figure 11 gives some insight into the basic chemistry of electrolyte decompo-
sition reactions and the discussed reaction pathways. The reviews [6, 11, 56]
provide further insights into this topic. The initial reaction, which causes electrolyte
decomposition, is probably the decomposition of the conductive salt LiPF,, which is
used in most of the commercial lithium-ion batteries (reaction (13)) [39, 57, 58].

LiPF¢ = LiF + PFs. (13)
The balance of this reaction is on the left side. With increasing temperature the
amount of LiF and PFs is slightly increased. If PF5 further reacts with electrolyte

molecules, the concentration of PFs is reduced and reaction (13) proceeds further
from the left to the right to approach or preserve equilibrium conditions.
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Fig. 11 Reaction of PFs with trace impurities of alcohols to POF;. POF; can react further with linear
carbonates such as diethyl carbonate towards ethyl fluorophosphate. This reacts with PFs to POF; as a
splitting group as proposed by Campion et al. [59]
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Figure 11 shows the reaction of PF5 with trace impurities of water or alcohol to
POF; [59].

POF; can further react with ethylene-carbonate (EC) to oligoethylene oxides
capped with alkyl fluoride and fluorophosphates (Fig. 12). This reaction proceeds
via a ring opening reaction with radical intermediate states [11, 14]. There is some
question as to whether these radical intermediate states are actually present in real
cells or the intermediate species are adsorbed on the electrode surface and the
reaction is electrochemically catalysed (as is known in the case of fuel cells and
often shown in the field of catalysis). This seems to be an important point because
on the electrode surface, such a reaction can proceed electrochemically while only
chemical pathways can be considered in a solution. Therefore, more efforts should
be put into understanding where the reactions take place.

Considering new, high voltage materials for application in lithium-ion batteries,
the chemical potential of the cathode is shifted below the HOMO of the electrolyte
(Fig. 10) and therefore protection is necessary against oxidative electrolyte
decomposition reactions or the development of new electrolyte systems. This
challenge still remains unsolved [5].

2.2.6 Loss of Porosity

The main function of a separator is to prevent electronic transport while allowing
ionic conduction. In commercial lithium-ion cells a 3-layer polypropylene/
polyethylene/polypropylene (PE/PP/PE) separator is commonly used. The elec-
trolyte can penetrate the polymers through the porous structure, which allows ionic
conductivity between the anode and the cathode. While polypropylene (PP) ensures
mechanical stability, polyethylene (PE) serves to shut down the cell during
overheating up to 130 °C (melting point of PE) [60]. PP only starts to melt at
165 °C. Polypropylene loses its porosity upon heating to 110 °C (ionic conductivity
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Fig. 12 Reaction of ethylene carbonate with POF; to oligoethylene oxides capped with fluoride and
fluorophosphates end groups as proposed by Campion et al. [59]
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through the pores decreases around 2%) [61] and it shrinks around 2-5% [60]. At
this temperature, the deformation of PP is not very pronounced and it can serve for
stability. Therefore, the separator (PE/PP/PE) can prevent a thermal runaway up to
130 °C. However, even at lower temperatures the polymers can lose their porosity,
which leads to an impedance rise of lithium-ion batteries during operation [62].
Further dissolved transition-metal ions or dismantled active material can diffuse
through the separator and block pores [63].

2.2.7 Transition-Metal Dissolution

Transition-metal dissolution has been observed for manganese-containing cathode
materials (spinels and layered oxides). The dissolution of other transition metals
such as nickel and cobalt has also been observed in the case of NCM [64]. Layered
oxides which do not contain manganese do not show transition metal dissolution [7].
There are two different proposed reaction mechanisms that lead to transition-metal
dissolution [65]. The first is the disproportionation of Mn [3] described in Eq. (14).
This mechanism was proposed by Hunter et al. in order to explain the conversion of
LiMn,O, Mn>", Mn*") into -MnO, (Mn*") and MnO (Mn”") in the presence of
water [66].

Mn** (solid) — Mn?* (liquid) + Mn** (solid). (14)

The mechanism described in Eq. (7) is the dominant aging mechanism
considering spinel structures which are stored at high temperatures [7]. Mn’" is
present at low states of charge of the spinel LiMn,O, (Mn>", Mn*") or structural
analogous. Therefore, the disproportionation reaction proceeds only at low states of
charge. In layered oxides such as LiNi;;3Co;,3Mn; 30, (Ni*T, Co*", Mn*™", NCM)
the presence of Mn>" is attributed to the presence of trace amounts of oxygen
vacancies and Mn’" is oxidized to Mn*" at higher states of charge. However, the
dissolution of manganese in many layered oxides, as well as in some spinels, is
mainly observed at high states of charge [20, 65, 67, 68]. Another reaction
mechanism ascribes the manganese dissolution to acid corrosion (HF and organic
acids), reaction (19) [7, 65].

Li;Mny04 + (2 — 2x)HF — (3 + x)/44 — MnO, + (1 — x)LiF + (1 — x)H,0
+ (1 — x)/2MnF;,

(15)
LiPFs + H,0 — LiF + 2HF + POF;. (16)

The proposed reaction mechanism is given in Fig. 13 [20]. According to Eq. (20)
the apparently consumed HF is reproduced due to the formation of water, which
reacts again with LiPFg. The transition-metal dissolution will stop only if water or
HF is consumed in other side reactions. This kind of degradation can be reduced by
surface coatings that protect the material from HF attacks [69-72]. NCM and other
high voltage materials show a strong increase of manganese dissolution if the upper
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Fig. 13 Proposed reaction mechanism of the manganese dissolution process at high states of charge. The
reaction scheme includes the formation of an alcohol out of carbonates, while LiPFg is consumed [20].
However, this reaction step is poorly understood [7]

cutoff voltage is above 4.5 V [64]. This might be related to the decomposition
reaction of the conducting salt LiPFs with an onset around 4.5 V. However, the
oxidative decomposition of LiPFg or PFs, a decomposition product of LiPFg, is
poorly understood [7]. Evidence that the dissolution of manganese coincides with
the decomposition of LiPF¢ is derived from studies with various conductive salts
[7, 20, 73].

2.2.8 Binder Decomposition

The battery efficiency as well as the long term stability of a lithium-ion battery
depend highly on the electrode manufacturing [74]. In this process, a binder is
dissolved in a solvent and, together with the active material (plus conductive
carbon), it forms an ink, which can be coated on a current collector (metal foil). The
obtained wet film is dried and the binder forms a (polymer-) network that acts as a
glue between the particles and the current collector. Thereby tThe binders need to
disperse homogenously in the inks in order to form a very homogenous (polymer-)
network [75, 76]. During cycling the binder has to accommodate volumetric
changes of the active material. Especially for materials which undergo large
volumetric changes (e.g. silicon anodes or alloys) the binder plays a key role in
preventing massive cracking and a subsequent flake off of the active material
[76, 77]. It goes without saying that binders also need to be chemically stable in
contact with electrolytes and in the applied potential window and that they should
have good elastomeric properties. Furthermore, cohesive strengths between the
active material and the binder are reported to be an important factor for improving
the stability of coated electrodes [78]. Degradation reactions of the binders can lead
to poor connectivity between the single particles, and also between the current
collector and the active material, which is associated with delamination (see also
Sect. 2.2.9). As a consequence, the internal resistance of the lithium-ion cell
increases. Moreover, active material can become partially isolated, leading to
capacity losses.

Polyvinylidenefluoride (PvdF) is commonly used as binder for positive
electrodes [79, 80]. However, it shows relatively poor elastic elongation compared
to cross-linking polymers or elastomeric binders [81, 82]. Although PvdF was

Reprinted from the journal 187 @ Springer



Top Curr Chem (Z) (2017) 375:54

thought to be stable under the chemical and electrochemical conditions present in a
lithium-ion cell, detailed X-ray photo electron spectroscopy (XPS) and electro-
chemical studies reveal that PvDF undergoes corrosion reactions upon cycling that
affect the capacity retention and the coulombic efficiency of the cathodes [80].
However, detailed studies about the dependency of these decomposition reactions
on the potential or the state of charge of the cathodes are missing, not least due to a
lack of analytical tools. Binder decomposition reactions are often negligible
compared to the degradations of other cell-components and, (beside the potential- or
state-of-charge dependency) depend also on impurities in the electrolyte and the
temperature [83, 84]. Nevertheless, comparative studies between binder-free and
binder-containing electrodes provide clear evidence that PvdF is not as electro-
chemically inactive as commonly assumed [84]. It has been shown that cathode
corrosion occurs especially at contact points between the active material and the
binder. A deeper understanding of the detailed degradation mechanism is still
missing [3]. Fewer studies are performed to investigate alternative binders for
cathode materials since PvdF seems to be stable enough for currently used cathode
materials. Nevertheless, Manickham et al. showed that PTFE (Polytetrafluo-
roethylene) offers better cycling stability while cycling transition metal phosphates
[80].

The embedding of silicon (and other conversion type electrodes) into graphite
forced investigations of new binders with enhanced elastic properties in order to
accommodate the large volumetric work performed by these alloys upon cycling
[85]. The introduction of Carboxymethylcellulose (CMC) as a binder in 2003 was a
breakthrough, due not only to the better elongation properties of the systems but
also to the more environmentally friendly water based manufacturing process [86].
Nowadays styrene butadien rubber (SBR) in combination with CMC is commer-
cially the most used binder for graphite, the almost solely used anode material in
commercial lithium-ion batteries. Formerly used fluorinated binders such as PvdF or
polytetrafluoroethylene (PTFE) showed reactions with lithium towards LiF
formation at low potentials, while SBR-CMC binders are almost inert under these
conditions [8, 77, 87-89]. However, scanning electron microscopy (SEM) pictures
of a fatigued graphite sample suggest that SBR-CMC binders are not completely
inert during cycling (Fig. 14), though they show an improved coulombic efficiency
compared to PvdF [90].

In considering different binders, the environmental friendliness of the manufac-
turing is important [91, 92]. While PvdF is dissolved in N-methylpyrrolidone (NMP)
during electrode manufacturing, SBR-CMC binders can be dissolved in water. A
water based electrode coating has clear advantages over the NMP based process.
The negative CO, balance of the NMP-production and the toxicity of NMP is
harmful for the environment. In addition the production and disposal of NMP is very
cost intensive. However, most commercially used cathode materials (layered oxides
such as LiCoQ,) are unstable in contact with water [93]. Nevertheless, a detailed
study of the decomposition and the cycling stability of these materials coated with
water based binders is still missing. Furthermore, it has already been shown that the
dissolution of transition metals from layered oxides can be suppressed by a variation
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Fig. 14 Scanning electron microscopy image of a pristine (a) and a fatigued graphite surface (b). On
pristine surfaces binder structures can be identified marked with red arrows. However, the sample
fatigued with an 8C rate, at 50 °C for 34 weeks, shows deposits on the surface, and binder structures can
no longer be identified

of the pH-value of the solution [94, 95]. Other cathode materials, e.g. LiFePOy,, are
more stable in aqueous solutions [96, 97].

2.2.9 Cracks

Structural changes in the active materials during cycling (whether a gradual change
of lattice parameters or a reconstructive first-order phase transition) can lead to
crack formation (Fig. 15). Cracks can affect just the contact between particles or can
occur within particles. Both types of cracks may lead to electronically isolated
particles and therefore to capacity losses. When cracks occur, lithium (de-
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Fig. 15 SEM images of as-prepared LiNi;;3Co1,3Mn;,30, powder (a), and after 10 cycles at 0.1C rate in
the potential range 3.0-4.2 V vs Li*/Li in the charged state (b) and discharged state (c) [100]

)intercalation is accelerated with an increasing surface because the electrolyte can
penetrate a larger surface area. Crack formation is more pronounced at high C-rates,
broad death of discharge (DoD) and for larger particles [98, 99].

Lithium diffusion within layered cathode materials is in the range of 107 till
107'% cm?s ™', determined with the galvanostatic intermittent titration technique
(GITT) [16, 101]. All cathode materials behave like semiconductors with an
electronic conductibility of 107> Sem™" [101, 102]. Electronic conductivity is a
function of the temperature (Ahrrenius type behavior) [101]. This leads to the

conclusion that the lithium-ion transport within the material is the limiting process
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[101]. However, some cathode materials (e.g. LiCoO, and LiMn,0O,) show phase
transformations during cycling which can lead to a variation in the electronic
conductivity of about three orders of magnitude [103].

2.2.10 Structural Changes

The insertion or deintercalation of lithium ions from or into a host structure is
accompanied by changes in the lattice parameters and sometimes with changes in
the geometry of the unit cell, as well [19, 104-106]. In order to consider fatigue of
electrodes due to structural changes, their thermodynamic and kinetic stability must
be considered at different states of charge, which means different lithium contents
within the host structure. According to the different types of structural changes
which can occur in electrodes during operation, the following reactions can be
observed:

e Solid solution reaction
e Two-phase reaction
e Irreversible phase transformation

The first and the second types of reaction are ideally reversible and describe the
charge and discharge reactions of electrodes. The different working mechanisms
can be distinguished with respect to the underlying structural changes during
lithiation and delithiation. The change of Li-content can take place continuously in
one phase like a solid solution or as a two-phase mechanism. In the latter case the
overall change of lithium in the electrode is accompanied by a change in the phase
ratio of a lithium-rich and a lithium-poor (or lithium-free) phase. Both
mechanisms are ideally reversible and can easily be distinguished from the
voltage versus state-of-charge profile: while the voltage changes continuously for
a one-phase mechanism (the Gibbs free energy AG, Eq. (7), varies with the
lithium content), a two-phase mechanism is reflected in a constant voltage plateau
as long as both phases coexist. Two phases in contact with each other can only
exist if their difference in the Gibbs free energy AG, and therefore the change in
the electrode potential (A¢;), equals zero. The most important example for a two-
phase mechanism is LiFePO,, which coexists with FePO, during cycling
[107, 108]. All layered oxides are considered to react via a solid solution type
mechanism. However, in situ analysis of the reflection patterns (synchrotron
measurements) provide evidence that even layered oxides run through a two-phase
reaction during cycling, although these two phases coexist in only a small voltage
window and the phase content of the less active (inactive) phase decreases
(vanishes) with a decreasing lithium content [104].

The de-/intercalation of lithium ions from or into a host structure can lead to
irreversible phase transformations (the third type of structural change). The
knowledge of the underlying de-/intercalation type can be used to understand how
the different mechanisms can lead to irreversible structural changes. Both de-/
intercalation mechanisms have an impact on the mechanical stress as a consequence
of the structural changes; in a one-phase mechanism a gradual change of lattice
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parameters takes place. Therefore, the exchange of charge carriers can proceed
relatively quickly because there is no need for the breaking and reconstruction of
phase boundaries [105]. The geometry of the host structure is maintained during
almost the entire de-/lithiation, but the dimensions of the unit cell change.
Therefore, the host structure might become instable at some states of charge.
Layered oxides, for example (although they do not react ideally as a solid solution
but this mechanism comes closest to it) become instable in delithiated states due to
repulsive interactions of oxygen atoms in opposite transition metal layers (Fig. 16)
[109, 110].

Li,CoO,-rich structures tend to transform from a rhombohedral to a monoclinic
structure at lithium contents x lower than 0.5 [111]. A structural decomposition of
Li,NiO,-rich materials starts at lithium contents x lower than 0.35 [112, 113].
According to this, nickel based cathode materials exhibit higher, reversible
capacities compared to cobalt-containing materials if both materials are operated in
a voltage window in which the materials are stable (Ni-based 180 mAhg™', Co-
based 150 mAhg™". In order to understand the differences, the dimensions of the
isostructural lattice of the materials are considered; cobalt has a larger ionic radius
compared to nickel [18]. This leads to a higher octahedral-site-stabilization-energy,
which is determined by the electronic configuration of the transition metals (Co>",
low spin 3d°% t3,eq —21.33 Dg, Ni*™, 3d”: tS,e; —12.67 Dq). Further, Co’" is in a
low spin state and therefore its radius increases during oxidation due to the
occupation of t,, orbitals. This results in a higher energy barrier for cobalt
migration, which prevents disordering of lithium and cobalt [15, 18, 114].
Therefore, the separation of the cobalt and lithium layers is almost ideal while
nickel (with a radius similar to lithium ions especially for the 2*state) tend to
occupy lithium sites, as well (Fig. 17). Even during sample preparation, LiNiO,
forms a lithium-deficient phase Li;_,Ni;;,O, with a high degree of cation disorder.
Stoichiometric LiNiO, is very difficult to prepare and for example obtained from
NaNiO, by a cation exchange reaction. Beside Ni and Co based layered oxides, the
structure can also contain manganese. Manganese is more electronegative compared
to nickel and in manganese and nickel containing electrodes (layered LiMnO, is not
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Fig. 16 Layered lithium-transition metal oxides upon delithiation: The lattice expands in the c-direction
during delithiation due to repulsive interactions of oxygen atoms from opposite transition metal layers
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Fig. 17 Illustration of the cation distribution in the layered oxides LiMO, (M = Ni, Co, Mn or Al).
LiMeO, as an ABX, superstructure shown on the left-hand side, derived from the rock-salt type AX on
the right by splitting the cation A-site into two alternating layers, A and B. A rhombohedral LiMO,
structure results from this cation ordering and the different sizes of the A and B ions. However, a partial
mixing of A and B ions is very common; one example is marked in the right-hand side by the arrow

stable under standard conditions) manganese exists in a 4™ -state while nickel has an
oxidation state of 2 [115]. As discussed above, Ni2* has a radius very similar to
lithium ions and therefore it can occupy lithium sites [116]. The degree of disorder
for which manganese and nickel containing materials are still stable is similar or
even higher compared to Ni-rich materials.

On the one hand the cation disorder may stabilize the delithiated structure
because the repulsive interactions of the oxygen atoms, in opposite transition metal
layers destabilizing the structure during deintercalation, are reduced (Fig. 16). On
the other hand, the transition metal disorder can be irreversible, in which case it is a
very crucial limitation for the electrochemical performance of such materials. The
smaller 3d-transiton metals in the lithium layers hinder lithium-ion mobility
(Fig. 18).
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Fig. 18 Schematic illustration of a lithium-octahedrons in layered oxides (a) and the lithium diffusion
pathway, depicted by a black arrow. The occupation of empty lithium sites by nickel, which blocks the
lithium diffusion within the structure, is shown in (b)
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In contrast to the abovementioned (dis-/)order as an explanation for the different
degrees of stability of layered oxides upon delithiation, several authors argue with
the differences in the density of states between cobalt and nickel [5, 15, 117].
According to this explanation the difference in the chemical stability can be related
to the band structures of the materials (Fig. 19). The Co*t tr band overlaps with the
O 2p band. If the lithium content becomes low enough (x < 0.5 in Li,CoO,) the
electrons are removed from the O 2p band rather than from the Co* to, band. This
results in oxygen release from the structure. A rearrangement of the structural
components is the consequence of this oxygen oxidation reaction. The Ni t,, band
touches the O 2p band (barely) and therefore oxygen release occurs at lower
x values in Li,NiO, [19, 118]. However, this argument ignores the fact that in both
the nickel and cobalt containing layered oxides, the transition metal-oxygen-bond
has a highly covalent character and, therefore, a reversible oxidation of oxygen
starts from the lithiated (discharged) state on and proceeds over the entire charge (a
detailed discussion is given in Sect. 2.2.11) [16, 119, 120]. Nevertheless, even a
partial oxidation of oxygen (which starts in the lithiated state) can lead to oxygen
release from the structure at more delithiated states if the diffusion pathways for
oxygen atoms are short compared to the time for which the material is held in the
delithiated state (diffusion coefficient of oxygen is much lower compared to lithium
ions: < 107'° cm?%s). At high levels of delithiation (for commercial cathode
materials in the overcharged state), oxygen release takes place and the materials
become intrinsically unstable. This is reflected by the shrinking of the unit cell
c-axis parameter because of less repulsion between the oxygen layers (Fig. 16). The
highly delithiated compounds become thermally unstable and have a tendency to
release oxygen as in a thermal runaway.

The previous section addressed structural changes of layered oxides during de-/
intercalation. These materials react almost as a solid solution. In this section the
fatigue accompanied by a two-phase reaction will be discussed. A reconstructive
first-order phase transition is necessary for the coexistence of two phases in the two-
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Fig. 19 Schematic illustration of the density of states of LiCoO, (a) and LiNiO, (b). Note that these
pictures are simplified. Real band structures are much more complicated
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phase mechanism. For the deintercalation of lithium ions, breaking and reconstruc-
tion of phase boundaries is necessary. This is attached to an activation energy which
has to be overcome. Therefore, the kinetics of the de-/intercalation are slower
compared to a solid solution reaction and side reactions become more dominant.
Senyshyn et al. and Levi et al. showed, for example, that the charge and discharge of
graphite proceeds via the coexistence of more than one phase [121, 122]. Therefore,
the lithium intercalation is relatively slow and lithium dendrite formation
(Sect. 2.2.4), as well as the irreversible decomposition of electrolyte molecules,
can take place (Sect. 2.2.5). In contrast to a solid solution reaction, the phases
formed in a two-phase reaction are mostly stable at all states of charge and,
therefore, phase transformations (beside the desired ones) are rarely observed. An
example of a cathode material which runs through an irreversible phase
transformations during the coexistence of two phases is LiMn,O4 [123-125].
During delithiation a transition from a tetragonal to a cubic structure takes place.
The tetragonal structure shows a Jahn—Teller distortion because of a single electron
in the e.g. orbital of the high spin Mn’" state (B3,es) [124, 126]. This phase
transition is accompanied by an increase of the c/a ratio (¢ and a are lattice
parameters of the unit cell) of about 16% and a volumetric increase of about 6.5%
[15]. These changes in the symmetry are too severe to maintain structural integrity.
Structural rearrangements are the results leading to irreversible structural changes as
shown by Tran et al. [127, 128]. Structural changes during lithiation and delithiation
of spinels and other cathode materials are pushed back with the substitution of
nickel, cobalt and manganese by di- or trivalent cations such as Cr, Al, Mg
[129, 130].

2.2.11 Changes in the Electronic Structure

In Sect. 2.2.10 it was shown that severe structural changes occur upon lithiation or
delithiation of a host structure. Changes in the dimensions and/or geometry of the
lattice are accompanied by changes in the electronic structure, which dictate the
charge diffusion processes. In order to understand this relationship, the electron
distribution within transition metal oxides is considered first. In layered oxides and
spinels the transition metal ions are placed in oxygen octahedrons. In a very simple
viewing the electronic structure can therefore be described by ligand field theory(
Fig. 20). Every oxygen atom has a 2p orbital which points towards a transition
metal. The 3d orbitals of the transition metal pointing in the direction of the 2p
orbitals are increased in energy due to repulsive interactions of electrons in these
orbitals, while the other orbitals are lower in energy.

According to ligand field theory, the electronic configuration of a transition metal
(TM) in an oxygen octahedron is TM 3d* O 2p° (x depends on the kind of transition
metal and on the state-of-charge of the material). However, X-ray absorption
spectroscopy (XAS) measurements at the O K edge show that electrons can be
excited from the K-shell (1 s orbital of oxygen) into the L shell (O 2p orbitals of
oxygen), even though the L-shell is completely occupied according to the ligand
field theory. Therefore, the simple picture derived from the ligand field theory must
be reviewed. It is well known in the field of XAS that a charge transfer from the
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Fig. 20 Breaking of the Ni 3d orbital degeneracy due to the presence of six oxygen ligands around a
transition metal ion (principle of the ligand field theory)

transition molecular
metal orbitals

energy

Fig. 21 Molecular orbital scheme of a transition metal surrounded by six oxygen ligands as described in
[15]. According to XAS results, an exchange of electrons between the transition metals nickel, cobalt and
manganese must be allowed. Therefore, the transition metal-oxygen bond has a covalent character

transition metal 3d towards the O 2p orbitals can take place. This can be described
by molecular orbital schemes (Fig. 21).

The charge transfer of electrons between 3d and 2p orbitals can be seen as a
covalent characteristic of the transition metal-oxygen bond and this, indeed, means
that the electronic configuration of transition metal oxides has to be reformulated as
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follows: TM 3d* O 2p® = TM 3d*"' O 2p’. This configuration has electron
vacancies at the oxygen sites and shows interactions between the transition metal
3d-orbitals and the O 2p orbitals, which enable the transition from a 1 s into a 2p
orbital. The density of states is derived from an almost infinitesimal amount of
overlapping 3d and 2p orbitals of the atoms within a solid (Fig. 22). The red area
describes the variation in the Fermi Level due to the electron exchange during
lithium-ion intercalation or deintercalation.

As mentioned in Sect. 2.2.10 the discussion about the density of states of lithium-
transition metal-oxides often ignores the TM 3d-O 2p-interactions. These interac-
tions are delocalized over the entire structure of the transition metal oxides because
the oxygen atoms form a bridge between the transition metal octahedrons. This
delocalization leads to the high energy densities of the materials, but it also carries
the risk of oxygen release from the host structure due to the continuous oxidation of
oxygen. For commercial applications, higher energy densities are often achieved by
increasing the end of charge voltage. However, this is at the expense of the lifetime
of a lithium-ion cell because this favors oxygen release from the structure and other
degradation mechanisms. As shown by Rozier et al. for ruthenium containing
layered oxides, the covalent interactions between the oxygen atoms and the
transition metals can be highlighted in the density of states by dashed instead of
solid lines (Fig. 23) [131]. The oxygen 2p and the transition metal 3d orbitals are
combined to one molecular orbital and the oxidation/reduction of the transition
metals, as well as the oxygen atoms, cohere.

The electronic structure of transition metals and oxygen atoms in cathode
materials changes during cycling [16, 132—134]. In order to understand the context
between the changes in the electronic structure and the electrochemical performance
of an electrode, the lithium diffusion pathway in a solid electrode has to be
considered. In layered lithium-transition metal-oxides, lithium moves via an

)Mn”/Mn“: eg Mot 5 ﬂ"m
e 4 o I

2Fé LUMO

Ni2+/Ni3+: e

Ni3#/Nid+: e .

energy

electrolyte
Co3+/Co4+: tye

HOMO

Oxidant Reductant

density of states

Fig. 22 The energy as a function of the density of states (left side), depicting from which molecular
orbitals electrons are transferred during charge and discharge of LiNij;3Co;3Mn;;30, [117]. The
description of the stability window of cathode materials is more complicated than that derived from
simple thermodynamic considerations. The HOMO (or the Fermi Level) of a cathode material changes
during cycling, and thereby the structure, can become unstable
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Fig. 23 Density of states for
lithium-transition metal-oxides:
The dashed lines between
overlapping states of different
atoms show the interactions
between the underlying orbitals
and therefore the covalent
character between the elements
to which these orbitals belong

Fig. 24 Lithium diffusion
pathway in layered transition
metal oxides and the energy
diagram of the migration. The
lithium ion moves from A via
the intermediate tetrahedral site
B into the neighboring
octahedral site C
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intermediate, tetrahedral site into a neighboring octahedral site (Fig. 24) [135]. In
this process, the interactions between the lithium-ion and three oxygen atoms (the
triangle plane of the tetrahedron) have to be overcome twice.
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The interactions between oxygen and lithium ions depend, of course, on the
amount of lithium ions next to the unoccupied octahedron in which the lithium ion
migrates (Fig. 25) [16, 132]. If oxygen is oxidized from 2- towards 1-, the attractive
lithium-oxygen interactions become smaller and the energy barrier for lithium
diffusion decreases, as well.

Fatigued cathode materials often show an increase in overpotentials, and the
onset of the redox process is delayed (starts at higher applied voltages in the charge
and at lower applied voltages in the discharge), as depicted in Fig. 26 and shown in
[16]. An increase of overpotentials can be induced by surface-near structural
changes (mainly observed in Ni-rich layered oxides), showing an increase of
disorder (lithium excess and nickel rich layered oxides) or the formation of a
passivation layer on the electrodes. While the activation barrier decreases if the
oxygen oxidation starts (in pristine materials it starts immediately), it stays constant
at low states of charge till the oxidation sets in. Therefore, the overpotentials slow
down the reaction kinetics and the deintercalation (charge) may become incomplete.
If the charge is incomplete, the subsequent discharge also shows a lower capacity
compared to the pristine material.

2.2.12 Surface-Near Composition Changes

Changes in the surface-near composition are the dominant aging process in layered
nickel-rich cathodes, leading to an impedance rise and therefore to capacity losses
[16, 119]. In contrast, the isostructural LiCoO, does not show such degradations
[136]. However, nickel-rich layered oxides (including NCA) provide the highest
capacity of the present commercial cathodes (around 180 mAhg™' [15, 137]).
Although the structural changes in the bulk are almost impeded by the partial
substitution of nickel with cobalt and aluminium [7, 104], high temperatures, high
currents, high depths of discharge and high states of charge (presence of lithium
vacancies [16, 119]) lead to nickel motion into empty lithium sites, and therefore to
changes in the specific cation distribution, especially in surface-near regions
[16, 17, 138]. The restriction to the surface probably has kinetic causes [16, 104].
During operation, outer parts of the particles become more delithiated compared to
inner parts due to slow lithium-ion diffusion kinetics within the host structure

N L
" ,-"' s ¥ A: Initial state
\ B: Intermediate state, one Li-
E’ /" \ vacancy in the neighboring sites
8 / ‘ \ B" Intermediate state, one Li-
o) / B \ vacancy in the neighboring sites
W, \ C: Final state
A C
~
”
Lithium diffusion

Fig. 25 Energy diagram of the lithium diffusion pathway in layered oxides before and after the oxidation
of the materials has started
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Fig. 26 Energy diagrams of lithium migration in a layered oxide (LNCAO, LiNij gCoy 15Al0,050>) at two
different applied voltages according to [16]. While the energy barrier of the calendaric aged material
decreases from 3.4 to 3.6 V during charge, the energy barrier of the fatigued materials stays constant

[16, 104]. With ongoing oxidation, the highly delithiated surface-near parts of the
layered oxides are rearranged. Soft X-ray absorption studies have revealed that
oxygen is oxidized simultaneously with nickel during charge (see Sect. 2.2.11)
[16, 119, 134, 139]. The presence of pre-edges in the O K X-ray absorption spectra
confirms 3d-O 2p interactions, and therefore a covalent character of the nickel-
oxygen bond. Otherwise, excitations of electrons from the O K core level into O 2p
states are not possible due to the full occupation of the O 2p states. These
interactions are probably the reason for promoted oxygen release, once nickel-ions
are structurally disordered and a NiO-like structure with divalent nickel is formed.
This process is irreversible and the small nickel-ions in the lithium layers (0.69 A
for Ni?* and 0.76 A for Li* in octahedral coordination [140]) block the lithium
diffusion pathways, which causes the observed impedance rise. Oxygen diffusion
within semiconductors such as layered oxides is rather slow compared to lithium-
ion conductivity, and thus oxygen is only evolved from surface-near parts of the
particles [101, 141].

2.3 Capacity Loss in Full Cells

In the following section the influences of SEI formation and degradations of active
material on the full-cell capacity are discussed. Changes in the lithium distribution
during cycling play a crucial role in the performance drop of lithium-ion cells. The
SEI formation in the initial cycle and the immobilization of active lithium is
illustrated in Fig. 27. In the left part of the figures, the lithium distribution within a
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Fig. 27 First cycle of pristine LNCAO vs pristine graphite. The left parts of the pictures show the
transfer of lithium between graphite and LNCAO. In the right parts, the potential curves of graphite and
LNCAO are depicted. The red circles give the relative states-of-charge of the active materials. While the
figures a till d show the first charging process, figure e illustrates the active lithium distribution after the
first discharge process
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full-cell is given for a distinct, applied voltage. In the right part of the figures, the
potential curves of the individual electrodes are shown as measured against a
reference electrode. The red points on the curves mark the states-of-charge of the
cathode and the anode. Before cycling the materials all lithium is localized in the
positive electrode. This means the cathode is fully lithiated and the anode is fully
delithiated (Fig. 27a). In Fig. 28a the individual electrode potential curves (where
blue is the positive electrode and red the negative) are shown. During charge lithium
is deintercalated from the cathode and intercalated into the anode (Fig. 27b).
However, at about 3.6 V (cathode vs anode) or 0.8 V graphite vs lithium, the
electrolyte components are not stable and become reduced if they reach the anode
surface (Fig. 27c) [5]. In order to ensure charge neutrality in the graphite,
intercalated lithium ions diffuse to the outside of the particles and form immobilized
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Fig. 28 Electrode potential and full-cell voltage curve before the SEI formation process (a). The relative
positions of the electrode half-cell potential curves are chosen arbitrarily. The relative position of the
potentials curves after the formation cycles are shown in b. The negative exchanged charge at the anode
side is virtual and reflects the excess of anode capacity with respect to the cathode
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Fig. 29 Capacity losses of the cathode material can be observed if the amount of active lithium is
reduced. Therefore, the cathode material can either not be fully charged (a) or discharged (b). It is also
possible that both scenarios can be observed within one electrode. ¢ shows voltage fade of the cathode
material, which can also occur due to degradation

lithium salts with the electrolyte decomposition products. Therefore, the SoC of the
graphite decreases while the SoC of the cathode remains constant (Fig. 27c, right
diagram (red dots)). Shifting the potential curves relative to each other till the red
dots lie on one vertical line leads to the new and real full-cell curve (cathode minus
anode potential curve), which is illustrated in Fig. 28b. Figure 28a is somewhat
virtual, because at voltages higher than 3.6 V (cathode versus anode) the SEI
formation starts immediately and therefore the electrode potentials curves are
shifted relative to each other. The capacity of the cathode (marked by the red line in
Fig. 28b) subtracted by the capacity of the full cell (marked by the blue line at 2.7 V
in Fig. 28b) gives the amount of former active lithium, which is consumed in the
SEI-formation process and causes an irreversible capacity loss due to SEI formation.
This shift in the potential curves remains during the following charge and discharge
(Fig. 27d, e). At the end of discharge the anode is fully delithiated, but empty sites
in the cathode are still present (Fig. 27e); the end of charge potential of the anode
and the end of discharge potential of the cathode has increased while the full-cell
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capacity has decreased. The shift of the voltage window means different potentials
at the anode and cathode, in spite of the same cutoff-voltages on cell level. This can
lead to operation conditions in which either the cathode or the anode is not
stable anymore. Besides the initial SEI formation, cracks, self discharge reactions,
dendrite formation and exfoliation can lead to additional lithium consumption (SEI
formation) during normal operation as described in Sect. 2.2.4.

Besides SEI formation, capacity losses due to the degradation of the cathode
material can also lead to changes in the relative distribution of active lithium in a
full-cell, which is shown in Fig. 29. The capacity of a full-cell is commonly limited
by the cathode material due to safety issues (Sect. 2.2.4), and therefore cathode
degradations immediately affect the full cell capacity. Degradations of the cathode
material lead to a compression of the respective potential curve, which is either
compressed towards the positive charge direction (loss of empty lithium sites,
Fig. 29a) or towards the negative charge direction (loss of lithiated lithium sites,
Fig. 29b). Besides capacity losses, degradation of the cathode material can also lead
to voltage fade, which is illustrated in Fig. 29¢. The discharge curve of the cathode
is thereby shifted downwards [16, 142]. As discussed for the SEI formation process,
the relative changes of the potential curves of the electrodes change the cutoff
voltages of the electrodes. This can lead to operation conditions at which at least one
of the electrodes is not stable and therefore irreversible side reactions can take place
or become more dominant.

High states of charge accelerate structural changes in the cathode material, e.g.
layered oxides tend to release oxygen [15, 16]. High SoCs in combination with high
temperatures accelerate manganese dissolution from spinel structures and man-
ganese containing layered oxides [7, 129]. The shift of the graphite potential curve
towards the negative charge direction as well as the compression of the cathode
potential curve towards the positive charge direction lead to a higher end-of-charge
potential at the cathode (and all degradation reactions occurring at high states of
charge are accelerated), because the cutoff-criteria refer to the full cell voltage. The
full cell voltage is the difference between the cathode and anode potentials and is
specified by the cell supplier (normally not adapted to fatigue). In contrast, low
states of charge accelerate manganese disproportionation, which is observed in Mn-
containing spinels and also leads to manganese dissolution. The compression of the
cathode potential curve towards the negative charge direction leads to a lower end-
of-discharge potential at the cathode and to an increase of Mn>" disproportionation
reactions. The shift of the anode potential curve towards the negative charge
direction leads to an increase of the potential in the delithiated state of graphite at
the end of discharge. Therefore, graphite potentials for the intercalation of solvated
lithium ions (1.5-0.8 V graphite vs lithium) might be reached and successive
exfoliation might occur. If the anode potential is further shifted to higher potentials,
copper dissolution can take place. This will lead to copper-dendrite formation and,
further, to a short circuit in the cell.
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2.4 Degradation as a Safety Risk

Since the market introduction of lithium-ion cells in 1991, accidents in which
lithium-ion batteries spontaneously start to burn have been very rare. Nevertheless,
some reports have attracted great attention. In this chapter the risk of such an
accident, the so called “thermal runaway”, is discussed considering the degradation
of lithium-ion cells and its effect upon operation. Regardless of whether the thermal
runaway is caused by a short circuit, high currents/high voltages, overcharge or
material degradations, all of these factors first lead to an overheating of the system
and initiate highly exothermic decomposition reactions. Therefore, a crucial point
considering the safety issue of a lithium-ion cell is the heat mitigation during
operation. The temperature of a cell is determined by the amount of heat generated
during operation and the amount of heat which is removed from the system at the
same time. The heat generation rate proceeds in an exponential function while the
heat removal rate can be described by a linear function, both shown in Fig. 30
[22, 23]. If the cell is cycled at low temperatures (point A on the heat generation
line), more heat is produced than removed from the system till point B is reached.
At this point, the heat generation and removal rate are equal and the system runs at a
stable temperature. If the system is operated at point C (Fig. 30), more heat is
removed than produced. Therefore, a thermal runaway is impossible. If the system
is operated at point D, more heat is generated than removed, and therefore a
continuous rise of the temperature is observed. At the end of this continuous
increase a thermal runaway will take place.

The cycling efficiency (integral over the charge minus the integral over the
discharge curve) usually decreases during operation. Layered oxides, especially,

N heat
generation

heat

D removal

rate

Degradation

v

temperature

Fig. 30 Schematic illustration of heat generation and removal rates in a lithium-ion cell or battery in
dependence on the temperature of the system and the state of health (SOH) [22]. During degradation, the
cycling efficiency decreases and therefore the heat generation increases
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show an increase of the impedance during cycling, mostly caused by changes in the
surface morphology of the particles, therefore, the heat generation rate increases
(Fig. 30, red curve). If the heat generation curve lies completely above the heat
removal line, no stable operation point for the system exists. That is why the risk of
overheating the system increases with increasing degradation. If once the system
reaches a temperature above 90 °C, highly exothermic decomposition reactions of
SEI-products start (Fig. 31). The decomposition of an ethylenecarbonate based SEI-
product is given in Reaction (17).

(CHQOCOzLi)2—> Li,CO5; + C,Hs + CO, + ]/2 O,AH > 0. (17)

In the absence of the protection layer, further electrolyte molecules reach the
anode surface and decompose as well in exothermic reactions, Eq. (18-20).

Li 4+ C3H403 (EC) — Li,CO; + C,Hy + AH, (18)
2Li + C4H¢O3(PC) — Li,CO3 + C3Hg + AH, (19)

All these decomposition reactions lead to the formation of flammable gases,
although no fire is observed at this time due to the absence of oxygen. However, the
pressure and the temperature continue to increase. The heat generated during this
exothermic reaction depends on the amount of SEI products present, which
increases during fatigue and aging of a lithium-ion cell. Therefore, the state of
health of the battery is again a crucial point. If once the temperature increases above
120 °C, the separator (in most of the cases polypropylene, polyethylene,
polypropylene) starts to melt. Without a separator a short circuit is created and
the cathode material starts to decompose. The reactions (21-23) illustrate this
breakdown for the case of LiCoO, [22].
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Fig. 31 Schematic representation of the proceeding of a thermal runaway in a lithium-ionlithium-ion cell
in dependence on the temperature of the system [143]
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Li,CoO, — xLiCoO, + 1/3(1 — x) Co304 + 1/3(1 — x) O, (1)
Co304 — 3C00 + 0.50,, (22)
CoO — Co +0.50,. (23)

During the structural breakdown of layered oxides or spinels, elementary oxygen
is evolved and the cell starts to burn. With a further increase in temperature, binder
decomposition reactions and aluminium (now melted) reactions take place.

3 Summary and Outlook

After a short introduction into the basic thermodynamics of lithium-ion cells, the
most relevant degradation mechanisms of cell components were discussed. This
included SEI formation, growth, aging and fatigue, structural changes of cathode
materials upon cycling and fatigue of electrochemically inactive cell components
such as the current collector, the binder and the separator. A relation between loss of
active lithium and capacity losses on full-cell level were derived from the individual
electrode potentials in dependence on the specific states of charge and health.
Composition and structural changes in both surface-near regions and the bulk of
cathode materials were considered with respect to an increase in the cell impedance
and capacity losses. The importance of a solid knowledge about the underlying
degradation mechanisms for the evaluation of safety risks was outlined. The
increasing field of second life applications will trigger the need for even more
sophisticated lifetime models with much more knowledge about fatigue and failure
mechanisms in lithium-ion cells at their end-of-life. The individual cell designs and
their effect on the homogeneous charge and discharge behavior of the cells will
become highly relevant, which is already indicated by in operando studies. The
optimization of lithium-ion batteries with respect to lifetime and cost efficiency will
also depend on detailed information about the underlying degradation mechanisms.
Much more work is needed to deduce such processes in more detail and to combine
all information into suitable models to predict performance parameters in fresh,
aged and fatigued cells under different operation conditions with a sufficient
reliability.
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