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The growing global demand for energy has led to the active development of efficient energy generation
and storage technologies, driving the development of electrochemical devices such as high-energy
density rechargeable batteries, fuel cells and solar cells. One of the essential materials for the
development of high-performance electrochemical devices is the electrolyte. Currently, flammable
electrolyte solutions are used, causing problems such as leakage and ignition incidents. It would be
significant if the electrolyte could be replaced with a solid electrolyte, as this would eliminate these
problems. In addition, with the increasing size of electrochemical devices, there is a societal demand for
safer electrochemical devices, and the development of high-performance solid electrolytes is becoming
more active. Although development has mainly focused on inorganic and solid polymer electrolytes,

Received 17th February 2023, organic ionic plastic crystals (OIPCs) are beginning to attract attention as new candidates for flexible

Accepted 24th April 2023 solid electrolytes. In this review, we describe OIPCs for lithium secondary batteries. Firstly, we introduce
OIPCs and OIPC/polymer composites as lithium-ion conductors and discuss the effects of ionic

architecture and polymer species on their ionic conduction. Secondly, we present recent progress in the
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development of lithium secondary batteries with OIPC-based solid electrolytes.

1. Introduction

Growing interest in energy issues has increased demand for
large batteries that can be used in electric vehicles and home
power sources. Lithium-ion batteries (LIBs) have become widely
used as compact power sources for mobile phones and other
devices, but further improvements in safety and energy density
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are needed to meet these demands.! However, conventional
LIBs have generally reached their performance limits and there
is a need to develop new energy storage devices that can be
scaled up. Against this background, all-solid-state batteries, in
which the cathode, electrolyte, and anode are all made of solid
materials, have attracted much attention in recent years.”™

The electrolyte is responsible for conducting the carrier ions
between the positive and negative electrodes, while electrically
insulating the positive electrode to prevent short circuits. Solid
electrolytes are more flame retardant than the organic solvent-
based electrolytes used in conventional LIBs, so all-solid-state
batteries are expected to be very safe. In addition, high energy
densities can be achieved by manufacturing stacked cells;
in the case of conventional LIBs, several small batteries are
connected in series to achieve high voltages, whereas in all-
solid-state batteries, high voltages can be easily achieved by
stacking the cathode, electrolyte, anode and current collector.
In addition, because the solid electrolyte is not liquid, it can be
used as a material in different components of a single cell,
i.e. for the positive electrode, negative electrode and separator,
providing a high degree of freedom in battery design. There is
also the possibility of using high-capacity electrode active
materials such as metallic lithium and sulphur,®® which have
been difficult to use in conventional LIBs, and expectations are
high for the realisation of next-generation batteries.

There are two main types of all-solid-state batteries: thin
film and bulk. Thin film all-solid-state batteries are made by
growing crystals of the cathode, electrolyte and anode on a
substrate using the vapour phase method. The advantage of
such thin-film batteries is that achieving a good interfacial
contact between the electrode and the electrolyte is facile.>"°
However, the amount of active electrode material that can be
introduced into a single cell is small, resulting in low battery
capacity. Bulk all-solid-state batteries are made by layering
fine particles of cathode, electrolyte and anode. The advantage
is that a large amount of electrode active material can
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be introduced, enabling the production of high capacity
batteries."* However, high cell resistance is caused by the thick
electrolyte layer and many particle interfaces. Therefore, the
development of solid electrolytes with excellent ionic conduc-
tivity and the formation of good particle interfaces are impor-
tant issues for the practical application of bulk all-solid-state
batteries.

Plastic crystals (PCs) are defined as solid materials that are
composed of regularly aligned three-dimensional crystal lat-
tices, but at the molecular level, there is a local orientational/
rotational disorder. Since the molecular and ionic species in
the plastic crystal phase have a higher degree of freedom than
in the normal crystal state, PCs are crystalline solids exhibiting
plasticity and diffusivity of constituents. The features of PCs
found in early studies are summarized below.

(1) One or more solid-solid phase transitions before
melting.

(2) Small change in entropy of fusion (ASy).

(3) High plasticity.

Timmermans reported that PCs exhibit a AS¢ value below
5 e.u. (20.92 ] K~' mol ")i due to the initiation of rotational or
translational motion of the constituents in the solid phases.'?
PCs are classified into non-ionic compounds and ionic com-
pounds. Succinonitrile is known as a non-ionic PC, and inor-
ganic crystals such as Li,SO, and a-NazPO, and organic crystals
such as ammonium salts are known as ionic PCs. Recently,
both systems are attracting much attention as soft solid
electrolytes.”>™'® In this paper, organic ionic compounds show-
ing a PC phase will be referred to as organic ionic plastic
crystals (OIPCs).

+ The entropy of the fusion for plastic crystals is known to be less than
20 ] K~ mol~". However, Timmermans proposed 5 e.u., which is equivalent to
20.92 J K~ mol™". In this review, we have adopted 20.92 J K~ mol™" as a more
accurate value.
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In the 1980s and 1990s, OIPCs based on ammonium salts were
reported by mainly Japanese researchers.'®® Recently, new OIPCs
with pyrrolidinium,””° imidazolium, phosphonium,**3*
and metallocenium cations have been discovered and
vigorously studied. Regarding anions, not only common anions
of interest such as BF,~ and PFs~ but also B(CN),,*® FeCl,",*®
B(CH,CH3;);(CH3)~,*° perfluorobutane sulfonate,® and various
other anion species have been reported. Chiral ions such as
camphor sulfonate have also been reported.*’ The variety of
OIPCs is steadily increasing year by year. Summarizing the
structural features of OIPCs reported so far, it appears that
disk-shaped and spherical ions tend to exhibit a PC phase. This
structural feature is also common to molecular PC compounds
such as fullerenes. OIPCs have many variations in molecular
structure, and by changing the combination of cations and
anions, the physicochemical properties of the compounds can
be tuned, so they are actively studied as electrolytes for various
electrochemical devices.""® This paper describes the develop-
ment of lithium-ion conductors and lithium secondary bat-
teries using OIPCs.

31,32

35-37

2. Lithium-ion conductors

In 1986, Cooper et al. reported lithium-ion conductors based
on OIPCs consisting of ammonium salts.'® Then, in 1999,
MacFarlane et al. reported a lithium-ion conductor based on
N-ethyl-N-methylpyrrolidinium salt.?® After these reports, there
have been many kinds of OIPCs proposed as solid electrolytes
for lithium batteries. Fig. 1 shows the chemical structure of
OIPCs reported as lithium-ion conductors. Although the types
of OIPCs are increasing year by year, the majority of studies use
pyrrolidinium salts, ammonium salts, and phosphonium salts
because the starting materials for these salts are inexpensive
and easily available, and the synthesis of onium salts is simple.
Furthermore, these salts have excellent electrochemical stabi-
lity and thermal stability, making them ideal as electrolyte
materials.

2.1 Pyrrolidinium cations

Following the report of the pyrrolidinium salt 1a as a lithium-
ion conductor,”® further research was carried out focusing on
the pyrrolidinium cation 1 with various anions. It was found
that 1b exhibited a plastic crystal phase over a wide tempera-
ture range, including room temperature, and had high ionic
conductivity.”> 1b showed a transition temperature between
solid phases at —70 and —22 °C and a melting point at 205 °C.
The solid phases observed in the temperature range below the
melting point are defined as Phase I, II, and III (in order from
the high-temperature side), and the transition temperatures
between each of the solid phases are denoted Tt and Tyy_yy.
The change in entropy of fusion (AS) for 1tbwas 11 J K ' mol ,
which is consistent with that of the Timmermans criterion
(<20.92 J K" mol™")."* This suggests that 1b is an OIPC in a
wide temperature range of —22 to 205 °C, and it is interesting
as an electrolyte material because it is a soft solid over a wide
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Fig. 2 Photographs of 1b at room temperature.

temperature range, including room temperature. Fig. 2 shows
the photographs of 1b at room temperature. Qualitatively, it is a
plastic solid that is extremely soft at room temperature and
easily deforms when a force is applied, which is consistent with
the characteristics of plastic crystals. It can also be processed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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into a self-standing film, and the obtained film can be
deformed freely.

The ionic conductivity in Phase I of 1b increased linearly
with increasing temperature, showing an Arrhenius-type tem-
perature dependence (Fig. 3). It was suggested that the ions
exhibit hopping conduction in the solid. The ionic conductivity
in Phase II was as low as 107° S cm ™" or less but increased by
about an order of magnitude in Typ. It is considered that the
rotational and translational motions of the constituent ions
started in Phase I, leading to the high diffusivity of these ions.
The ionic conductivity of 1b was 1.23 x 10°° S em ™" at 25 °C,
which is about two orders of magnitude higher than that of 1a,
which has a similar anion structure. The physicochemical
properties changed significantly due to the slight difference
in the anion structure. The influence of the cation structure on
various properties was also investigated. 2b, 3b, and 4b with
varying side chain lengths of pyrrolidinium cation 1 were
synthesized.**™*® All compounds showed multiple solid-solid
phase transitions, and AS; was 20.92 J K * mol * or less,
suggesting that these salts are OIPCs. The ionic conductivity
of 2b, 3b, and 4b in Phase I also exhibited Arrhenius type
behavior. The ionic conductivity values of 2b, 3b, and 4b were
1.3 x 107% (25 °C), 1.3 x 107> (25 °C), and 1.7 x 10 ®Sem™"
(30 °C), respectively. Thus, higher ionic conductivity was
observed in the order 2b < 1b < 4b < 3b, and the ionic
conductivity of pyrrolidinium salts was improved with the
extension of the alkyl side chain. When 5 mol% of lithium
bis(fluorosulfonyl)amide (LiFSA) was added to these pyrrolidi-
nium salts, the ionic conductivity values of 2b/LiFSA, 1b/LiFSA,
and 3b/LiFSA were 2.8 x 107°,1.1 x 107>, and 5.8 x 10"*Scm™*
at 25 °C, respectively. In each system, the ionic conductivity was
improved by about an order of magnitude as compared with the
pristine salt (Fig. 3). The ionic conductivity of 4b/LiFSA (10 mol%)

Tempertaure / °C
120 80 40 0 -40
2 _I I I —.I— [Czepyr][FSIA]/LiFSA
—A— [C,mpyr][FSAJLiFSA
3t —— [C,mpyr][FSAJ/LiFSA
— —O— [C,epyr][FSA]
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Fig. 3 Arrhenius plots of ionic conductivities for neat pyrrolidinium salts
(1b ([Compyrl[FSAD), 2b ([Cimpyrl[FSA]), 3b ([C,epyrl[FSAl) and 5 mol%
LiFSA-doped ones. Reprinted from ref. 43 with permission.
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was 4.0 x 107* S em™" at 30 °C. As with other pyrrolidinium salts,
the addition of Li salt improved the ionic conductivity.

The lithium-ion transport number (t;;+) of 3b/LiFSA
(5 mol%) was 0.27.** The t;;+ values of high-concentration
electrolytes containing 50 mol% of LiFSA added to 3b and 4b
have been reported. The ¢+ of 3b/LiFSA and 4b/LiFSA were
0.39** and 0.46," respectively, and 4b showed higher values.
It was suggested that the isopropyl group, which is a branched
chain, is a functional group that promotes lithium-ion trans-
port. Further improvement of ¢;;+ can be expected by optimizing
the side-chain structure of the cation. The ¢;+ of the composite
of N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)amide
and LiFSA, which has a chemical structure similar to that
of 3b and 4b, is only 0.14,*” lower than those of 3b/LiFSA and
4b/LiFSA. It was revealed that OIPCs, which are solids, are
superior to ionic liquids in lithium-ion transport. It has been
reported that a system in which the lithium salt itself becomes
an OIPC is effective for further improvement of t-® The
system in which the lithium salt itself is an OIPC has a high
lithium-ion concentration because half of the component ions
are lithium ions. On the other hand, it is difficult to achieve a
high concentration of lithium salt in OIPC/lithium-salt compo-
sites because the melting point lowers and it may become
liquid at room temperature when over 10 mol% of lithium salt
is added. The ¢;+ of the Li salt using d as an anion was 0.7,
which is a high value that is difficult to realize not only in OIPC/
Li salt composite s but also in liquid electrolyte solutions.
The OIPC characteristics of certain Li salts themselves is an
interesting theme.

2.2 Other nitrogen-based cations

There are many reports on nitrogen-based cations other than
pyrrolidinium salts. Abu-Lebdeh et al. evaluated the phase
transition behavior and ionic conductivity of spiroammonium
salts 5a-9a.%° Of the five spiroammonium salts, 5a, 6a, and 7a
showed a plastic crystal phase. Furthermore, among the three
OIPCs, 6a showed the highest ionic conductivity, which was
2.0 x 107% S cm™" at 20 °C. The ionic conductivity of the 6a
composite with 5 mol% of lithium bis(trifluoromethylsulfonyl)amide
(LiTFSA) was 1.2 x 10°° S em™ " at 20 °C, and thus the ionic
conductivity in the solid phase was about the same before
and after the addition of the Li salt. In general, the ionic
conductivity of OIPC is improved by the addition of Li salt.
These spiroammonium cations are alicyclic and are considered
to have a limited degree of freedom compared to pyrrolidinium
cations with alkyl side-chains. The side-chain structure of
pyrrolidinium cations was found to greatly affect ionic conduc-
tivity, which is consistent with the findings already mentioned.

In addition to the spiroammonium salts, 10a, which is an
alicyclic OIPC using 1,4-diazabicyclo[2.2.2]octane (DABCO),
has been reported.”®! 1t differs from the pyrrolidinium and
spiroammonium salts in that a diamine is used as a starting
material. When the diamine is monocationized, an ammonium
salt containing a tertiary amine is obtained, and it can be
expected that the Lewis basic tertiary amine moiety interacts
with the Li-ion to promote the dissociation of the Li salt.

Energy Adv,, 2023, 2, 748-764 | 751
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The transition temperature and melting point of 10a were
33 and 76 °C, respectively, and the AS; was 25.3 ] K ! mol™.
This is slightly larger than the Timmermans criterion
(<20.92 J K* mol ™). It is known that AS; of OIPCs having
TFSA anions shows a value larger than the Timmermans
criterion because of the residual entropy based on the con-
formations of the TFSA anion."® The temperature dependence
of the ionic conductivity of 10a showed typical OIPC behavior.
The ionic conductivity increased at the phase transition tem-
perature from Phase II to I. When LiTFSA was added to 10a, the
ionic conductivity in Phase I improved by up to an order of
magnitude compared to the value before the addition of
LiTFSA. As a result of Li NMR measurement, a low magnetic
field shift based on the interaction between Li-ion and 10
tertiary amines was observed. It is considered that the promo-
tion of dissociation of Li salt contributes to the improvement of
ionic conductivity, and it is expected that it can be utilized as
one of the new molecular design guidelines of OIPCs.

Although the number of reports on aliphatic ammonium
salts is small, there are many structural variations (11-16).>27*
Yunis et al. reported 6 types of ammonium salts by combining
11, 12, 13, and a and b, and comprehensively discussed their
ion conduction behavior.>> The results of DSC measurements
suggest that 5 of the ammonium salts (all except 11a) are
OIPCs. The temperature range of Phase I of 12b is —8 to
133 °C, and among the 6 ammonium salts, 12b showed the
highest ionic conductivity, which is 9.9 x 107®S ecm ™" at 30 °C.
It is already known that the ionic conductivity in OIPCs
correlates with the defect volume.”® The correlation between
the free volume and the ionic conductivity obtained by the
positron annihilation method was investigated. In the TFSA
system, the larger the free volume of OIPC, the higher the ionic
conductivity, which is consistent with conventional knowledge.
On the other hand, in the FSA system, no correlation was found
between the free volume and the ionic conductivity. In the case
of the FSA system, it is therefore suggested that the free volume
is not a regulator of ionic conductivity, which is an interesting
result. Recently, it has been reported that there is a correlation
between the ionic radius ratio (p) and the ionic conductivity
(Fig. 4),°*°” and the understanding of the molecular design
guidelines for high ionic conductivity OIPCs is deepening.
Further elucidation of the controlling factors of ionic conduc-
tivity is awaited.

Additionally, ammonium salts comprised of a combination
of 14 having a cyano group introduced in the side chain and
various anions (b, e, f, g, h),>® and 17a, which has organosilicon
introduced into the side chain,>® have been reported. Since the
cyano group forms a protective film on the surface of metallic
lithium, it is known to improve the electrochemical stability of
the electrolyte and the redox cycle characteristics of lithium,*"®"
and similar effects can be expected with such OIPCs. Four of the 14
salts (all except 14h) showed solid-solid phase transitions in DSC
measurements. The ionic conductivity in Phase I (30 °C) showed
values in the following order (only 14g was compared with Phase I
values): 14d (6.6 x 10 % S cem™), 14b (2.1 x 10°® S em™ '), 14g
(6.7 x 107° S em™"), 14f (7.2 x 107" S em™"). The ionic
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Fig. 4 Relationship between ionic conductivity value at 25 °C and p for
1-(blue triangle) and 3-based salts (red circle) with various anion species.
Reprinted from ref. 57 with permission.

conductivity of the systems in which 10 mol% Li salt was added
to 14b and 14e showed different behavior. The ionic conduc-
tivity of 14b/LiFSA improved by more than 3 orders of magni-
tude compared to the value of 14b. On the other hand, the ionic
conductivity of 14e/LiBF, was less than an order of magnitude
greater than that of 14e. When the Li salt concentration was
increased to 50 mol%, 14b became a liquid at room tempera-
ture. This electrolyte showed a high t;;+, 0.56 at 50 °C. Since the
redox behavior of lithium was also stable, it is presumed that
various properties were improved by the effect of the cyano
group. As described above, the introduction of a functional
group into the cationic structure leads to the addition of other
properties, which is one of the advantages of organic-based
OIPCs. There are many variations of nitrogen cations that can
be employed to form the skeleton of the cation; pyrazolium
cations (18-23)°>** and guanidinium cations (24)°> have also
been reported. Volel et al. evaluated the mechanical properties
of pyrazolium salts 18a-22a using atomic force microscopy
(AFM).®® The Young’s modulus of these pyrazolium salts was
100 MPa or less in the solid phase below the melting point and
thus showed a value equivalent to that of elastomers (10 to
100 MPa). The Young’s modulus changed before and after the
phase transition and decreased by about 10 to 30 MPa in the
solid phase on the high-temperature side. Few reports quantify
the softness of OIPCs, and it is difficult to make a comprehen-
sive comparison. In the future, it will be necessary to accumu-
late more data on mechanical properties.

2.3 Phosphonium cations

Although the number of variants of the cation structure is
inferior to those of the nitrogen cation systems, the develop-
ment of lithium-ion conductors using phosphonium salts
has also been vigorously performed. Armel et al. synthesized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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15 phosphonium salts by combining 25-28 cations with a, b, e,
f, h, and i anions.®” Among these, 12 of the phosphonium salts
showed a plastic crystal phase. The cations 26 to 28 have an
isobutyl group in the side chain, suggesting that the branched
structure is advantageous for expression of the plastic crystal
phase. However, the melting points of 25b, 27b, and 28b, which
exhibit a transition between solid phases, are 47, 4, and 36 °C,
respectively, which are lower than those of the nitrogen-based
cation system. The introduction of phosphonium cations and
isobutyl groups appears to lead to lower melting points for the
OIPCs. The ionic conductivity of these phosphonium salts was
also evaluated. Interestingly, the ionic conductivity of 26i at
40 °C (phase I) was comparable to that of 28b in the molten
state (1.75 x 10~* S ecm™ ). The alkyl chain having a branched
structure seems to be a functional group exhibiting a specific
ionic conduction behavior and will be one of the structures to
be utilized widely in the future.

Detailed analysis of the ion-conductive mechanism in a
phosphonium salt was performed using solid-state NMR.*?
The solid-solid phase transition temperatures of 26f are 25
(Trrv)s 70 (Tymm), 120 °C (T1_y), and the melting point is 150 °C.
The ionic conductivity in each solid phase is 107" S cm™*
(phase 1V), 10 7% to 107° S cm ™" (phase III), 10 > to 10™* S cm
(phase 11), and 10 ° S em ™" (phase I). The ionic conductivity
jumped at each solid-solid phase transition temperature.
Based on the analysis results by solid-state NMR, isotropic
rotation of 26 alkyl groups and e occurs in phase IV, and lattice
defects occur due to uniaxial rotation of 26 in phase III, and
thus the diffusion of e occurs. It was clarified that in phase II,
isotropic rotations of 26 occurred, and the main diffusing
species was e, and in phase I, both e and 26 diffused. There
are reports using magnetic resonance imaging (MRI),**® and
there is no doubt that NMR is an effective tool for analyzing the
mechanism of ion conduction.

3. lon conduction in OIPCs

Understanding the ion conduction mechanisms in OIPCs is a
very important research topic, as it is essential for further
improving their ionic conductivity as a practical requirement
for rechargeable batteries. Two promising techniques (NMR
techniques and MD simulations) for elucidating the ion conduc-
tion mechanisms are presented here.

3.1 NMR techniques

The application of nuclear magnetic resonance (NMR) techni-
ques to provide crucial insights into the thermochemical
phenomena, dynamics and compositional variations of OIPCs
for lithium batteries has been well-developed. Experimental
progress in this field has built on a great deal of earlier work
with OIPCs with simple anions, for example ammonium
halides.”®”? The analysis of OIPCs relevant to Li battery appli-
cation, and in many cases with the addition of alkali metal
salts, by variable-temperature solid state NMR has been under-
taken by a number of different approaches,”>”* including (i)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemical shift analysis, (ii) linewidth/lineshape analysis,
(iii) self-diffusion coefficient measurements, and (iv) imaging.

Regarding the determination of chemical shifts and their
variation upon e.g. addition of alkali metal salts, various
authors have employed such analyses to further develop under-
standing of interionic interactions in OIPCs. We note that
whilst the primary focus of this review is on Li‘-containing
OIPCs, some specific finding for Na* are also relevant. For
example, Forsyth and co-workers described the existence of a
second, Na'-rich, phase in 1a/NaTFSA, based in part on the
observation of splitting of the 'F and '*C NMR signals,
measured under magic angle spinning (MAS) conditions, into
multiple peaks at high Na* content.”

The exploration of linewidth/lineshape for elucidation and
understanding of molecular motion was explored early in the
development of OIPC-based Li' electrolytes. For analysis of
Li mobility, Forsyth et al. observed that for 1a/LiTFSA, the
presence of a sharp “Li signal overlaying a broader peak implies
the presence of both higher and lower mobility Li* ions
(Fig. 5).>° However, MacFarlane et al. also note that some
caution is necessary, as the assumed mobility leading to line
narrowing does not necessarily imply that Li itself is under-
going increased mobility or related processes; the narrowing of
the peak may also be due to the influence of neighbouring
nuclei/species with increasing mobility.”® Nevertheless, such
measurements are facile, and continue to be successfully applied
for various OIPC/Li salt systems. Pringle and co-workers noted an
apparently higher mobility for the 3 cation in 3b in the presence of
LiFSA based on a narrowing of the 'H signal,** and more recently
applied “Li lineshape analysis for understanding mobilities in
1e/LiFSA, and its comparison with similar zwitterionic/Li salt
materials.”®

Beyond qualitative consideration of linewidths, considera-
tion of chemical shift anisotropy (CSA) can be used to derive
important details about mobility. Pringle et al. proposed the
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Fig. 5 ’Li NMR spectra for 9.3 mol% LiTFSA in 1a, as a function of
temperature. The inset is an expansion of the peaks for 314 K and 346 K.
Reprinted from ref. 29 with permission.
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axial rotation of the cation upon heating through consideration
of CSA (specifically the shape of the peak) for *'P in neat 25b.
Furthermore, the authors estimated the CSA symmetry para-
meter for '°F at various temperatures by modelling (3-site jump
process) and comparison with the experimental data, providing
key insights into the anion mobility, and enabling the estima-
tion of activation energy.”” A further quantitative approach
to linewidth analysis has also been employed, allowing the
temperature-dependent correlation time (inverse of jump/
hop frequency) and the corresponding activation energy to
be determined from the linewidths by application of the
Bloembergen, Purcell, and Pound model.”® Quantitative ana-
lyses such as these allow for more detailed examination of the
ion mobility phenomena and comparison between similar
systems.

Self-diffusion coefficients, measured using pulsed field gra-
dient (PFG) NMR, can provide important details on the relative
mobility of components. For example, Pringle et al. reported
that the self-diffusion coefficient for Li" was the highest of all
components in 3b with 90 mol% LiFSA, resulting in a relatively
high transference number of 0.63 (in good agreement with the
electrochemically determined value of 0.68).** Similar results
for 90 mol% LiFSA in a zwitterion (i.e. Li cation showing the
highest mobility) were also reported more recently.”®

Within the plethora of imaging strategies available to NMR
users, many powerful imaging techniques are based on evalua-
tion of the transverse relaxation time constant, 7,*,”° which is a
measure of the decay in transverse magnetization resulting
from both spin-spin relaxation and magnetic field inhomo-
geneities. Specifically, Romanenko and co-workers demon-
strated the utilisation of pulse sequences employing single
point ramped imaging with 7; enhancement (SPRITE) to probe
anisotropy and develop understanding of the orientation of

+10 pA

10 pA
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grain boundaries in polycrystalline OIPCs such as 25b and
26f.%° Indeed, their step-by-step progress in these measurements
identified thermal-history derived variations in crystallite align-
ment,*®®! morphological changes upon solid-solid phase tran-
sitions (variable-temperature),®* and ultimately culminated in a
landmark in operando study on a lithium cell with 28b/LiFSA
electrolyte.®® Fig. 6 shows the variation in Li" ion distribution in
a symmetric Li-Li cell during galvanostatic stripping and plat-
ing. The authors comment on the role of the ion conduction
mechanism, grain boundaries, and presence of Li depleted
domains (essentially neat OIPC) in the bulk in relation to the
possible applications of OIPCs for Li batteries. Although tech-
nically challenging as compared to more routine chemical
shift, lineshape and conventional diffusion measurements,
further development of this (and other®®) imaging techniques
is expected to contribute to further understanding of the
importance of grain boundaries, morphology and heterogeneity
in OIPC/Li salt electrolyte based devices.

3.2 Molecular dynamics and time scales

Probably the first MD (molecular dynamics) study focused on
the importance of the rotational motion of anions and cations
forming crystals as a dynamic behavior contributing to ionic
conductivity and ion transport in OIPCs.** In this paper, the
OIPC 11h was investigated. A unit cell was constructed based
on the crystal structure determined by X-ray structural analysis,
and the molecular force field and charge distribution given
by the CHARMM MD simulation package were used to perform
the MD simulation with the DL_POLY simulation package;
the NPT ensemble simulation was carried out from T = 200 to
600 K. The results successfully suggest that the rotational
motion of both the anion and the cation starts at a slightly
lower temperature for the cation than for the anion, while

Fig. 6 'H SPRITE images of a symmetric cell (Li coated Cu disks) with 4 mol % LiFSA-doped 28b electrolyte under galvanostatic conditions. (a) Initial cell
then continuous application of +10 pA for (b) 17 h, (c) 34 h, and (d) 51 h; and reversed polarity (—10 pA) for the same cell for (e) 6 h, (f) 40 h, (g) 57 h, and

(h) 77 h. Reprinted from ref. 69 with permission.
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maintaining the crystal lattice near T = 0 K, which is a perfect
crystal, and could correspond to the temperature of phase
transitions observed experimentally in similar systems. As the
unit cell size expands with the phase transition, the position of
the peak of the radial distribution function (RDF) is found to
shift towards the long-range side. However, the theoretical
result at that time could not be directly compared with the
experimental results by any means and was verified by com-
parison with similar OIPCs. However, Jin et al. provided the
experimental evidence for the rotational motion with fixing to
the lattice site.>® The OIPC 26f was investigated by the analysis
of several experimental data (single crystal XRD, multinuclear
solid-state NMR, DSC, ionic conductivity, and SEM) and theo-
retical simulations based on the second moment-based solid-
state NMR line-width simulation; the peak in the NMR spectrum
suggests molecular rotation, which is a small sharp peak that
appears above the centre of the broad peak at temperatures above
333 K. Fig. 7 shows a schematic of molecular motion in different
phases (IV to I) of 26f with increasing temperature. Four phases
and melting were observed in this system, and it is attributed to
the abrupt onset of uniaxial rotational motion of the cation during
the transition from phase IV to phase III. This is also the
dominant transport mechanism in phase III, where defect
formation also results in the diffusion of a small number of
anions. All the cations begin to rotate isotropically in phase II,
allowing fast diffusion of a minority of cations together with the
majority of anions. Perhaps, the most important point is that
Jin et al. identified that the formation of defects in the ionic
crystal was associated with this fast diffusion.

Jin et al. also report the effect of Li ion addition, including
the investigation of defect effects, by MD simulation.®® The
effect of lithium ion doping into the structure and the cell-
dynamics were theoretically analyzed with the OIPC matrix-
model 11h, at a complete crystal structure of 128 pairs arranged
in a unit cell employed in the literature.®* Here a Li addition
procedure was performed by replacing the 11 cation with Li" to
introduce impurities. The number of replacements was 5, 10,
and 15. In doing so, Adebahr et al. obtained molecular insights
into the significant increase in ionic conductivity when Li* was
added to the plastic crystalline phase of OIPC. In particular,
the RDF shows that the plastic crystalline phase is indeed the
most sensitive phase to Li* doping. For example, in the case of a
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perfect crystalline structure at low temperatures, the RDF value
is completely zero at a certain radial value. But when Li* is
added, the RDF value does not reach zero at the same low
temperature, which indicates a melting process. This process is
assigned to the formation of clusters between the h anion and
Li" in the plastic crystalline phase, which causes a restriction of
the rotational dynamics of the h anion on a time scale of about
10 ps. However, on longer time scales, this process creates a
“free volume” in the rest of the crystal structure, which
promotes the translational motion (diffusion coefficient) of
all ionic species, especially h anions that are not trapped in
clusters with Li". The molecular transport model revealed in
this paper is to our knowledge the first theoretical clarifica-
tion of the mechanism for enhanced conduction mechanism
observed in Li*-doped OIPCs.

The OIPC model consisting of 11h has been theoretically
elucidated so far, although Adebahr et al. could not compare
with their theoretical results. Then, the same group performed
the analogous simulations for the system consisting of 26f
reported in 2012,>* where their experimental data were
abundant.®® This simulation revealed new dynamical hetero-
geneities; the van Hove self-correlation function Gs(r,t) would
be likely to be Gaussian distribution, if obtained from the
Max-Boltzmann distribution for particles with Brownian
motion in Fick’s diffusion, which is a uniform diffusion.
However, after approximately 50 ps in their simulations, the
non-Gaussian shape appears; in other words, a non-uniform
diffusion process was observed. The minority of ions with this
anomalous dynamic process are identified in the plastic crystal
phase. Furthermore, the introduction of vacancies in the crystal
structure reveals the coexistence of mobile species in a rigid
matrix, supporting the previous explanation for the non-
uniform motion constriction based on NMR measurements.
Finally, Chen et al. also evaluated the effect of Li" and Na" ion
addition.®” The mobility of Li* in this system appears to be
higher than that of Na®. It becomes clear that the reason for this
phenomenon is due to two different complex-coordination
geometries for the first solvation shell of the alkali metal ions.
The hopping motion of metal ions proposed here is a migration
involving a sequence of destruction and reformation of
this solvation structure; in the ion transport of Na', the
exchange between the tetrahedral and triangular solvation shell

Fig. 7 Schematic of molecular motions in different phases (IV to 1) of 26f with increasing temperature. Phase 1V, only the methyl and ethyl groups of the
cation are rotating, but the anion is tumbling (on the NMR time scale); phase lll, the whole cation can rotate around one axis, and the anion continues
tumbling; phase I, the whole cation can tumble, and the anion both tumbles and diffuses; phase |, both the cation and the anion can diffuse. Reprinted

from ref. 33 with permission.
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coordination is dominant, while in Li’, only the cooperative
motion between the metal ion and the triangular solvation shell
is observed. As a result, Chen et al. proposed that the different
geometries and associated potential barrier changes at the
solvation structures of alkali metals are responsible for the
differences in transport rates. They concluded that such an
analysis could be used to screen OIPC systems with different
structures and chemistries and to optimize the concentration
of Li* or Na' for optimal transport. In a subsequent report,
magnetic resonance imaging (MRI) analysis revealed that the
domains of the crystal exhibit different orientations and aniso-
tropic ionic conduction with high values in certain directions.®'
In this paper, Forsyth et al. comprehensively discussed this new
understanding, linking molecular-level information from theory
and experiment with information at the macroscopic level.

It is very interesting to consider here a series of heteroge-
neous dynamics in terms of the time scales and observational
methods associated with molecular motion. First, Henderson
et al. investigated the phase behavior and ionic conductivity of
OIPC crystals composed of a mixture of 13a salt and LiTFSA.%®
In particular, they observed the temperature-dependent Raman
spectra, in which a Raman peak shift attributed to the vg (C4N)
vibrational mode was observed, which led to distinguishing the
(tg.tg) and (tt.tt) conformations of the 13 cation, where t and g
indicate trans- and gauche-type. This study informs us that
we can observe femtosecond molecular dynamics in OIPC.
Furthermore, as mentioned above, Forsyth et al. have suc-
ceeded in observing sub-nanosecond to near-microsecond
molecular dynamics by NMR measurement. Of course, they
predicted rotational dynamics on picosecond time scales and
alkali metal hopping motion on picosecond to nanosecond
time scales by theoretical MD simulations. We are eagerly
awaiting the observation of molecular dynamics in the picose-
cond order dynamics, which have not yet been reported.

Now, the addition of alkali metals leads to a large increase in
ionic transport capacity, but different amounts and types of
alkali metals need to be evaluated. Forsyth et al. performed MD
simulations in mixed alkali metal salts. The addition of alkali
metal ions was carried out up to 50 mol%. In both systems, the
Na/Li ion concentration was found to have different effects
depending on the ion species; it was suggested that alkali metal
ion aggregates are formed at higher concentrations of alkali
metal ions. However, the diffusion of alkali metal ions toward
organic cations and anions was not affected by increasing alkali
concentration. Some alkali metal ions moved most rapidly in
the highest alkali metal concentration systems if the tempera-
ture was high enough to overcome the viscosity increase caused
by this concentration increase. These transport features in the
high concentration systems were attributed to the formation of
bulky anion-alkali metal complexes. The authors stated that
these complexes could enhance the dynamics of alkali metal
ions in a clustered environment by increasing the opportunity
to reorganize the ion coordination environment through
rearrangement of the aggregates.

The ammonium-based OIPC 11b was investigated in a
recent paper; the temperature dependence of the structure
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and ion dynamics were explored by a combination of single-
crystal XRD, synchrotron powder XRD, and MD simulations.®
Both MD simulations and X-ray diffraction showed consistent
anisotropic changes in the crystal structure at high tempera-
tures. The ionic force analysis in the simulations additionally
revealed that there is a very strong hydrogen-bonding inter-
action in one direction of the unit cell and that the expansion in
this direction is minimal upon heating. It is also explained that
this strong interionic force restricts ionic motions such as
rotation and translation compared to the 26f system reported in
others,’ resulting in low plasticity and high structural order in
the high temperature solid phase. The simplicity of the cation
and anion motions, ie., the cation rotation and anion cis-trans
transition resulting from the structural simplicity, leads to
the simple phase behavior of 11b, in contrast to the complex
phase behavior of 26f, which was derived from various levels of
rotational, dislocation, and translational motions before the
melting phase transition.

4. OIPC/polymer composites

As already mentioned, OIPC is a plastic solid and easily
deforms when pressure is applied. When an electrochemical
device using OIPC as an electrolyte is fabricated, it is assumed
that if excessive pressure is applied to the device, the OIPC will
be deformed, and the electrodes will come into contact with
each other, resulting in a short circuit. Composites with poly-
mers (Fig. 8) are being studied as a means of improving
mechanical strength without impairing the softness of OIPC.
Howlett et al. reported composites in which polyvinylidene
fluoride (PVDF) nanofiber membranes were impregnated with
1e.”" The yield stress and Young’s modulus of the 1e/PVDF
composite were 300 and 60 MPa, respectively. Compression
testing of 1e was also performed. The compressive modulus of
le was 200 MPa at 30 °C. The compressive modulus of 1e
supplemented with 10 mol% LiBF, was 20 MPa, i.e., a reduction
of an order of magnitude. Furthermore, the compressive mod-
ulus of the 1e/PVDF composite was 5 MPa, which was lower
than that of the LiBF,-containing system. It is considered that
1e was plasticized by mixing with PVDF. The ionic conductivity
of the composite formed by impregnation of 1e in the PVDF
nanofiber membrane was about an order of magnitude higher
than that of 1e in phase I and II. In the case of the PVDF-1e/LiBF,

PVDF PEO

PDADMA-TFSA

Fig. 8 Chemical structures of host polymers for the composites with
OIPCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00078h

Open Access Article. Published on 25 2023. Downloaded on 2025/11/3 5:21:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

composite, the ionic conductivity was improved in phase II.
Interestingly, mixing with PVDF, which is a non-conductive
polymer, improved not only the mechanical strength but also
the ionic conductivity. The ionic conductivity of the composite
of 1b impregnated in the PVDF nanofiber membrane was
higher than that of 1b.°> On the other hand, the ionic con-
ductivity of the polystyrene-1b composite decreased with
increasing polystyrene content.”® When OIPC was mixed with
PVDF, the ionic conductivity was improved regardless of the
type of OIPC, demonstrating that it is a phenomenon peculiar
to PVDF. PVDF is a ferroelectric polymer and is spontaneously
polarized. It is believed that the interaction between PVDF and
ions disrupted the arrangement of the constituent ions of the
OIPC and increased the defects/pores on the PVDF surface,
which promoted the rotational/translational motion of cations
and anions. It was also suggested that the surface area of PVDF
is an important factor in improving the physical properties of
OIPC in the PVDF composite. Therefore, to increase the surface
area of the polymer, the shape of PVDF was changed from fiber
to fine particles, and a composite with OIPC was prepared.’*
When 1b and PVDF fine particles were combined, the ionic
conductivity of the 1b/PVDF fine particle composite was higher
than that of the analogous composite with PVDF fibers, demon-
strating the importance of the OIPC/PVDF interface.

Formation of composites with polyethylene oxide (PEO),
which is an ion conductive polymer, is also being considered.
PEO is a rare polymer material in that it has both high polarity
to dissociate added salts and high molecular mobility to trans-
port the generated ions. It has been explored extensively as an
electrolyte component for Li batteries.”> However, to put these
PEO/Li salt composites into practical use, it is necessary to
further improve the ionic conductivity and ¢+ Li et al. added
1b (0-40 wt%) to PEO/LIiFSA ([Li]/[EO] = 0.05) to prepare a
composite.”® The glass transition temperature (7,) of PEO/
LiFSA decreased with increasing 1b content, indicating that
OIPC functions as a plasticizer in PEO. The tensile strength of
PEO/LiFSA was about 4 MPa. Although the tensile strength of
PEO/LiFSA decreased due to the addition of 1b, it could
maintain about 2 MPa. The addition of 1b to PEO/LiFSA
improved the ionic conductivity. It showed the highest value
when 1b was 30 wt% and was 1.05 x 10~* S cm ™" at 50 °C. This
is thought to be due to the decrease in T, due to the addition of
OIPC. A composite was prepared by adding 3b°” or 12b°® to
PEO/LiFSA ([Li]/[EO] = 0.05). The thermal and mechanical
properties of these composites were comparable to those of
the 1b composite. The ionic conductivity of the 3b and 12b
composites was 3.02 x 10~ * and 2.14 x 10~* S em™*, respec-
tively, at 50 °C. This is considered to be the result of the ionic
conductivity of the added OIPC. The ¢+ of the PEO/LiFSA/1b
and 12b composite s were 0.15 and 0.18, respectively, compar-
able to PEO/LiFSA. On the other hand, ¢;;+ of PEO/LiFSA/3b was
0.45. It was suggested that the ion conduction mechanism in
PEO changes depending on the type of OIPC added. A more
detailed analysis is needed on the role of OIPC in PEO.

A composite of poly(diallyldimethylammonium) bis(trifluoromethane-
sulfonyl)amide (PDADMA-TFSA), which is a polycation, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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OIPC was investigated. It has been reported that a solid
electrolyte obtained by adding a Li salt to PDADMA-TFSA
functions as a lithium-ion conductor,’® and PDADMA-TFSA is
interesting as a matrix to which OIPC is added. Li et al. varied
the mass percent of PDADMA-TFSA, 1b, LiTFSA ([70/30]20,
[60/40]20, [50/50]20 (LiTFSA fixed at 20%))."°° As a result of
DSC and XRD measurements, both composites were found to
be amorphous and the 1b-based phase transition temperature
disappeared. [50/50]20, which has a high OIPC content,
showed the highest ionic conductivity, with a value of 3.33 x
107* S em ™" at 40 °C. It showed a higher value than the 1b/PEO
composite. On the other hand, ¢;+ at 40 °C was 0.17, which was
comparable to that of the 1b/PEO composite. A composite of
PDADMA-TFSA with 12b added was also investigated. Yang et al.
altered mass percent of PDADMA-TFSA, 12b, LiTFSA ([60/40]20,
[50/50]20, [40/60]20 (LiTFSA fixed at 20%))."°* The 12b composite
was also amorphous, as was observed for the 1b composite. The
ionic conductivity of these 12b composites improved with increas-
ing OIPC content. The ionic conductivity of [40/60]20 was 2.08 X
10* S em ! at 25 °C, and 3+ was 0.18 at 40 °C. Although the two
types of OIPC are compounded, the effect of PDADMA-TFSA on
various characteristics is unclear and needs further investigation.

5. Lithium secondary batteries

Research on the use of OIPCs as electrolytes for electrochemical
devices is becoming more active, and lithium secondary
batteries, sodium secondary batteries,'®> fuel cells,"* dye-
sensitized solar cells (DSSC),'**'%> and electric double-layer
capacitors,'*®'%” etc., have been investigated as applicable
electrochemical devices. Here, lithium secondary batteries will
be described.

5.1 Preconditioning process

It has been reported that repeated cycling at a low current
density (0.01 mA cm™?) in symmetric cells using lithium metal
for both electrodes improves OIPC/electrode interface contact
and improves cell performance.’®™° This method, called the
preconditioning process, reduced the internal resistance of the
cell after the preconditioning process in symmetric cells of
lithium metal using 1a,'°®''° 2¢,'%° 25a,""* and 26f."'" Fig. 9
shows the SEM images of the 1a/LiTFSA (1 mol%) and electrolyte/
lithium metal interfaces before and after preconditioning.'*
From the comparison of Fig. 9(a) and (b), it was observed that
the particle size of 1a/LiTFSA decreased after the preconditioning
process. Furthermore, by comparing Fig. 9(c) and (d), it was
observed that the electrolyte/lithium interface was obscured after
the preconditioning process. It was revealed that the internal
resistance was reduced by the miniaturization of OIPC particles
and the good contact of the OIPC/electrode interface. It is believed
that repeated dissolution and precipitation of lithium causes
stress due to changes in the volume of the OIPC, resulting in a
decrease in the particle size of the OIPC. It is interesting that the
miniaturization of OIPC particles not only improves the contact
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Li metal

Fig. 9 SEM micrographs of a 1 mol% LiTFSA doped 1a electrolyte. (a) Top-down view, (b) top-down view after pre-conditioning, (c) cross-section view,
and (d) cross-section view after pre-conditioning. Reprinted from ref. 110 with permission.

with the electrode interface but also contributes to the improve-
ment of ionic conductivity.

The importance of the preconditioning process was demon-
strated in the Li/LiFePO, cell (1a/LiTFSA melt-impregnated in
PVDF separator) using 1a/LiTFSA (1 mol%)."'° Repeated cycling
at 0.01 mA cm 2 at 50 °C using the above cells reduced cell
resistance and resulted in good charge/discharge cycles after
the preconditioning process. In charge/discharge tests (50 °C, C/5)
of a Li/LiFePO, cell using 1a/LiTFSA (10 mol% (0.26 mol kg ")),
the initial discharge capacity was 129 mA h g~ . After 50 cycles,
the discharge capacity was 110 mA h g~'. After 3 cycles, the
coulombic efficiency improved sharply and remained around
99% thereafter. Furthermore, the effect of the preconditioning
process was investigated by changing the thickness of the
electrolyte (100 and 200 pm)."*" 1a/LiTFSA (1 mol%) was used
as the electrolyte. The internal resistance of the metallic
lithium symmetric cell was similar before the preconditioning
process, regardless of the electrolyte thickness. This indicates
that the interfacial resistance is higher than the bulk resis-
tance. After the preconditioning process, the 200 pm cell
resistance determined by the Nyquist plot was twice that of
100 pm, reflecting the thickness of the electrolyte. The con-
tribution to cell resistance was higher in bulk resistance,

758 | Energy Adv, 2023, 2, 748-764

indicating that preconditioning reduced interfacial resistance,
demonstrating the effectiveness of the process. The effect of the
separator was also examined. As a result of the charge/
discharge test (80 °C, C/10) of Li/LiFePO, cells using 1a/LiTFSA
(10 mol%), the highest discharge capacity was shown in the
order of glass filter, Separion®, and PVDF. It is thought that
this reflects the order of wettability, but it is also considered
that the special effect of the PVDF surface also contributes, and
it is thus clear that the selection of the separator is important.

A charge/discharge test of a Li/LiFePO, cell using 28b/LiFSA
(4 mol%) was conducted.*® The electrolyte was melt-impregnated
into a polyethylene separator. 28b/LiFSA (4 mol%) Ty is
8.2 °C, Trn is 24.8 °C, and Ty, is 34.6 °C. The ionic conductivity
was 2.6 x 10°* S em ™' at 22 °C. The discharge capacity at 30 °C
(phase I) and 0.3C reached 160 mA h g™ " after 5 cycles, and the
coulombic efficiency improved to 99%. This is thought to be
due to the formation of a stable solid electrolyte interphase
(SEI) on the electrodes and the miniaturization of OIPC parti-
cles by the preconditioning process. The cell using 28b/LiFSA
showed a discharge capacity of 130 mA h g ' even at 1C.
The discharge capacity at 20 °C (phase II) and C/10 reached
155 mA h g ' after 10 cycles, which is similar to cells using
ionic liquid as the electrolyte,"**'** and it was higher than cells

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using other OIPCs.""™™* The interfacial resistance after
10 cycles was 1000 Q or lower than the value before the cycle,
and the effect of the preconditioning process was observed
more significantly than the conditions of 30 °C and 0.3C.

5.2 Charge/discharge tests

In 2004, Alarco et al. reported a charge/discharge test of
LisTisO1,/LiFePO, cells at 40 °C using 21a/LiTFSA (20 mol%).*>
The melting point of 21a/LiTFSA (20 mol%) is 56 °C, and the ionic
conductivity at 40 °C is 6.2 x 10”* S cm™~". To prevent cell short-
circuiting, the electrolyte was melt-impregnated into Celgard®.
The discharge capacity at C/24 was 90 mA h g~ ', and the discharge
capacity decreased as the C-rate increased. The coulombic effi-
ciency was almost 100% at all C-rates, suggesting that no side
reactions occurred. The cell was made using 23a, which has better
ionic conductivity than 21a.** The melting point of 23a/LiTFSA
(10 mol%) was 7.3 °C, and the ionic conductivity at 5 °C, which is
a plastic crystal phase, was 6.2 x 10°* § cm™ . The discharge
capacity of the Li Ti5O,,/LiFePO, cell using this electrolyte (melt
impregnated in Celgard™) at 5 °C is 92 mA h g™* at C/12, and
23a/LiTFSA has better charge/discharge characteristics than
21a/LiTFSA. On the other hand, the development of a lithium
battery using le was examined without a separator. 1e has
excellent mechanical strength, and it is presumed that this was
taken into consideration. A charge/discharge test of a Li/LiFePO,
cell using a 1e/LiBF, composite was performed. The discharge
capacity of the cell is about 140 and 90 mA h g~ " at 100 °C, C/10,
80 °C, and C/10, respectively, which is about 80% and 50% of the
theoretical capacity (168 mA h g~'). The initial capacity at each
temperature was maintained after 20 cycles.

In recent years, device fabrication using OIPC/polymer com-
posites has become mainstream. There are many merits, such
as device safety and improved ionic conductivity of OIPCs, so it
will be a natural flow. Howlett et al. prepared and evaluated
Li/LiFePO, cells using a composite in which a PDVF nanofiber
membrane was impregnated into 1e.°* At 80 °C (phase I) and
C/15, the cell discharge capacity was approximately 140 mA h g~
Although the C-rate is different, the discharge capacity at 80 °C
increased compared to the result of 1e alone, and it is inferred
that the improvement of ionic conductivity due to the effect of
PVDF nanofibers contributes. Li/LiFePO, cells were prepared
using a solid electrolyte in which 1b and PEO°® or PDADMA-
TFSA,'* 3b and PEO,”” and 12b and PEO?® were combined. When
a composite of PEO/LiFSA ([LiJ[EO] = 0.05) and 1b (30 wt%) is
used, the discharge capacity at 50 °C and C/5 gradually increases
with the number of cycles, and 5 cycles. After that, it reached
157.3 mA h g '. After 90 cycles, it maintained a capacity of
150.3 mA h g *. The discharge capacities at 50 °C, C/2, and 1C
were 148.1 and 115.6 mA h g~ ', respectively, and the coulombic
efficiency was almost 100% at both C-rates. When a composite of
PEO/LiFSA ([LiJ/[EO] = 0.05) and 3b (30 wt%) was used, the
discharge capacities at 50 °C were 158.4 at C/5, 151.5 at C/2,
and 113.7 mA h g~ * 1C, respectively. When 1b and PDADMA-TFSA
([50/50]20) were used, the discharge capacity at 40 °C and C/5
reached 152 mA h g™ ! after several cycles. The discharge capa-
cities at 40 °C, C/2 and 1C were 147.6 and 111.2 mA h g},
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respectively, and the coulombic efficiency was almost 100% at
both C-rates. There are also reports of cells using PEO/LiFSA ([Li]/
[EO] = 0.05)/12b (30 wt%) and 12b/PDADMA-TFSA ([60/40]20)
composites as electrolytes. The discharge capacity of these cells
were in the range of 155 and 158 mA h g~ ' at C/5, and the cell
performance of 1b/PEO, 3b/PEO, 12b/PEO, 1b/PDADMA-TFSA,
and 12b/PDADMA-TFSA complexes was almost the same. It is
considered that the result reflects the ionic conductivity and ¢ ;- of
these complexes, and the specific effects of OIPC and polymer
structure on the cell performance could not be found. On the
other hand, Li/LiFePO, cells prepared using a composite of 1b/
LiFSA (amount of substance ratio 9:1) and PVDF fine particles
(40 wt%) showed different behavior (Fig. 10(a)).>* The discharge
capacity of the cell at 50 °C and C/10 was 124 mA h g~*, which
was lower than that of the above composite but increased to
128 mA h g ! at C/2. The discharge capacities at 1, 2, and 5C were
127, 124, and 115 mA h g™, respectively. Even though the charge/
discharge rate is doubled, the discharge capacities at 1 and 2C
were the same within error, and even at 5C, 90% of the discharge
capacity at 1C was maintained. The effect of the C-rate on the
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Fig. 10 Electrochemical measurements of 40 wt% Lig110.9b/PVDF com-
posites. (a) Specific capacities and coulombic efficiencies of Li/LiFePOy4
cells at different current rates, ranging from C/10 to 5C, 50 °C. (b) Charge—
discharge curves of the Li/LiCo4,3Ni;;3sMn1,30; cell using 40 wt% Lig 11 ob/
PVDF composites (cut-off voltage 2.5-4.6 V), 50 °C. (Figure partly modi-
fied from the original one.) Reprinted from ref. 94 with permission.
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on graphite
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\_ ... PVdF fiber
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1 ... via the bulk OIPC
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.. via separated

OIPC composites

Fig. 11 Role of OIPC in the solid-state electrodes. Mixing OIPC with graphite anode promotes Li* conduction and electrochemical reaction in the

electrode layer. Reprinted from ref. 115 with permission.

discharge capacities was small. A phenomenon peculiar to PVDF,
and not found in other polymers, was observed. In addition,
cycle tests were performed at room temperature and 2C. At the
beginning of the cycling, the discharge capacity was about
100 mA h g~ . The discharge capacity after 1200 cycles was about
80 mA h g', and the coulombic efficiency was maintained at
almost 100%. In a similar test using LP30, which is an electrolyte
solution, the discharge capacity at the beginning of the cycle
was about the same, but after 630 cycles, it decreased to about
70 mA h g~', showing the superiority of the OIPC/PVDF fine
particle composite.

The development of a lithium secondary battery using
LiNi;;3Co4/3Mn,,30, (NCM111) as a positive electrode active
material to replace LiFePO, has been reported.®® Since the
OIPC potential window is wide, high voltage positive electrode
materials such as NCM can be applied. A-Li/NCM111 cell was
prepared using a composite of 1b/LiFSA (amount of substance
ratio 9:1) and PVDF fine particles (40 wt%), and a charge/
discharge test was performed at a cut-off voltage of 2.5 to 4.6 V
(charge/discharge test). Fig. 10(b). The discharge capacity of
the Li/NCM111 cell at 50 °C was 178 mA h g~ ' at C/15 and
113 mA h g~' at 1C. The value was higher than that of the Li/
LiFePO, cell. It was also reported that cells were prepared and
evaluated using LiNip¢C00,Mn,,0, (NCM622) with an
increased Ni ratio for higher energy density.” The discharge
capacity of the Li/NCM622 cell using the composite of PEO/
LiFSA ([Li]/[EO] = 0.05) and 3b (30 wt%) as the electrolyte is
60 °C, C/5, C/2, and 1C. At that time, they were 155, 133, and
103 mA h g™ respectively (cutoff voltage was 2.8 to 4.3 V). It was
found that various positive electrode active materials are applicable.

OIPCs are beneficial for interface engineering in all-solid-
state batteries.”?*™ %1% The compounds contribute to faster
charge/discharge of solid-state batteries by forming continuous
ion-conduction pathways throughout the electrode layer (Fig. 11).

760 | Energy Adv., 2023, 2, 748-764

Ueda et al. reported the electrode characteristics of an OIPC
composite(1b and LiFSA) and graphite as the active material.'*®
The experimental capacity of the prepared electrode reached
over 80% against the theoretical value at a rate of 1C, whereas
only 50% was obtained without OIPC. The addition of the OIPC
composite also increased cycle performances (>100 cycles).
The improvements were explained by the ion-conducting and
binding properties of the OIPC composite, accelerating the
charge transport throughout the electrolyte layer, active mate-
rial, and current collector.

From a practical viewpoint, OIPC may increase the energy
density of solid-state batteries. The paper claimed that the
volume fraction of the electrolyte components could be smaller
than the usual liquid electrolyte systems; OIPCs filled the elec-
trode voids effectively.''> On the other hand, suppression of side
reactions at the electrode interfaces is an ongoing challenge. The
initial coulombic efficiency of the OIPC electrodes tended to be
lower (88-95%) than the regular liquid electrolyte system (>97%),
also taking longer (>20) cycles for stable solid electrolyte
interphase (SEI) formation. Molecular engineering is critical
to effectively suppressing unfavorable degradation of OIPC,
primarily occurring at the anode side where bond dissociation
of OIPCs proceeds easily.""”

6. Conclusions and outlook

The development of lithium secondary batteries using OIPCs as
electrolytes is steadily progressing. However, the ionic conduc-
tivity of OIPC is lower than that of electrolyte solutions and
inorganic solid electrolytes, so further improvement will be
necessary. OIPCs exceeding 10> S em ™' at room temperature
have been reported,"*® and it is expected that high lithium-ion
conductivity can be achieved by clarifying molecular design

© 2023 The Author(s). Published by the Royal Society of Chemistry
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guidelines in the future. An effort has already been initiated to
better understand the correlation between chemical structure
and motion-mode of each ion for OIPCs.""® The motion-mode
for each ion was discussed by comparing ion symmetry and the
site symmetry where the ion was positioned based on their
powder crystal diffraction data. The diffraction intensities
of samples with spherically rotating ions were calculated.
In addition, a correlation between the ionic radius ratio of
cations and anions composed of OIPCs and the ionic conduc-
tivity has been reported, providing an indicator for molecular
design guidelines.>®*” Further understanding of the correlation
between chemical structure and physicochemical properties
will further improve ionic conductivity.

On the other hand, artificial intelligence (AI)-based screen-
ing of highly conductive OIPCs will be an interesting challenge.
Al-assisted exploration of solid polymer electrolytes has already
been reported,'*® and glass-type lithium-ion conductors with
aromatic structures, which is an unfamiliar electrolyte design,
showed the ionic conductivity of around 10> S em™* at room
temperature. The glassy polymer electrolyte design was con-
trary to the traditional concept of rubbery polymer electrolytes.
The suggestions provided by machine learning models can help
to discover unexpected chemical structures with a high ionic
conductivity.

Furthermore, as with the synergistic effect of mixing OIPC
and macromolecules, mixing OIPC with organic or inorganic
materials is also an interesting technique for achieving high
lithium-ion conductivity. For example, the ¢;+ of the composite
of the covalent organic framework (COF) and OIPC was 0.58,
which is a high value for a Li salt mixed system.'*" There is also
a report that OIPC was applied to the surface of Li metal by spin
coating to reduce the contact resistance between Li,;La;Zr,O1,
(LLZO), which is a solid ceramic electrolyte, and the electrode."**
On the other hand, the use of Li metal anodes in sulfide elec-
trolyte (SE)-based all-solid-state lithium metal batteries (ASSLMBs)
has been less successful. The main challenges are the pronounced
interfacial reactions between Li metal and SE and Li dendrite
formation. A solid plastic crystal electrolyte (PCE) based on
succinonitrile and LiTFSA was designed as an interlayer for SE-
based ASSLMB, and it was demonstrated that the PCE interlayer
can prevent the interfacial reaction between SE and Li metal and
the formation of Li dendrites by Wang et al.'>® These are good
examples of utilizing the softness of OIPC and PC is a technology
that simplifies the cell fabrication process using solid inorganic
solid electrolytes. In the future, it is expected that the implemen-
tation of OIPC not only in lithium secondary batteries but also
in other electrochemical devices will be achieved by elucidating
the correlation between chemical structures and physicochemical
properties and optimizing the combination of dissimilar
materials.
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