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Abstract: Lithium-ion polymer batteries, also known as lithium-polymer, abbreviated Li-po, are
one of the main research topics nowadays in the field of energy storage. This review focuses on
the use of the phosphorus containing compounds in Li-po batteries, such as polyphosphonates and
polyphosphazenes. Li-po batteries are mini-devices, capable of providing power for any portable
gadget. From a constructive point of view, Li-po batteries contain an anode (carbon), a cathode
(metal oxide), and a polymer electrolyte, which could be liquid electrolytes or solid electrolytes. In
general, a divider is used to keep the anode and cathode from touching each other directly. Since
liquid electrolytes have a generally high ionic conductivity, they are frequently employed in Li-ion
batteries. In the last decade, the research in this field has also focused on solving safety issues, such
as the leakage of electrolytes and risk of ignition due to volatile and flammable organic solvents.
The research topics in the field of Li-po remain focused on solving safety problems and improving
performance.

Keywords: solid polymer electrolytes; gel polymer electrolytes; Li-ion batteries; polyphosphonates;
polyphosphazene

1. Introduction

The field of energy production and energy storage is of great interest nowadays,
especially for green energy sources, a big challenge for the future. Among others, lithium-
ion polymer batteries are a main research subject in the area of energy storage. These
batteries are mini-devices capable of providing power for any portable gadget. The classic
Li-ion batteries contain an anode (carbon), a cathode (metal oxide), and an electrolyte
(low viscosity liquid). The used electrolyte has a significant influence on the cell capacity,
operating temperature range, safety issues, and the charge-discharge cycle of the obtained
batteries. In classic batteries, the liquid used as an electrolyte is usually a highly flammable
substance, increasing the risks of ignition. The use of less flammable electrolytes is a main
task for obtaining safer batteries [1]. The suppression of electrolyte flammability could be
achieved by using flame retardants. One option was the use of phosphate additives, for
instance, trimethyl phosphate (TMP).

TMP is a flame retardant compound widely used in plastics. Although the risk of
flammability is decreased, in the last decades researchers have proved that such com-
pounds could react to the anode. This will affect the stability range in order to create
high-performance formulations for lithium-ion batteries. Among liquid electrolytes and
inorganic solid electrolytes (dry or solvent-free electrolytes), polymer electrolytes have
many benefits and advantages, such as greater safety features and an increased resilience
to changes in the volume of the electrodes throughout the charge/discharge process [2].

As already mentioned, two different classes of polymer electrolytes were used for
Li-po batteries: solid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs). Each
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of them has benefits and disadvantages. For example, flexibility, light weight, and ease of
processing are all benefits of SPEs. The disadvantages are connected to charge—discharge
cycles and also to safety issues. The traditional polymer matrix for SPEs (Figure 1) has been
the subject of extensive research [1-7].
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Figure 1. Chemical structures of some polymers used for polymer electrolytes: (1) Poly (ethylene
oxide) (PEO), (2) Poly(vinyl alcohol) (PVA), (3) Poly(3-caprolactone) (PCL), (4) Poly(vinylpyrrolidone)
(PVP), (5) Poly(vinyl chloride) (PVC), (6) Poly(vinylidene fluoride) (PVDEF), (7) Chitosan,
(8) Poly(phosponates) (PPA) and (9) Poly(methyl methacrylate) (PMMA).

One of the main issues in the field of batteries is the risk of ignition. It is well
known that hydrogen radicals could cause the combustion. While phosphorus atoms
from phosphonates act as trapping agents for the hydrogen radicals, as a consequence, low
molar mass phosphonate could be used as flame retardants in electrolytes.

2. Polyphosphonates as Polymer Electrolytes
2.1. Solid Polymer Electrolytes

Since the 1980s, new ionic conductive materials known as solid polymer electrolytes
(SPEs) have been obtained [3]. Inorganic materials such as conductive ceramics and
glasses are examples of solid electrolytes. To obtain safer lithium-ion batteries with high
performance, several requirements for the polymer formulations are necessary. Therefore, in
order to be used for Li-ion batteries, the polymer electrolytes should be able to ensure high
conductivities and high transfer numbers. The identification of a suitable solid polymer
electrolyte is essential for obtaining a completely solid-state, high-power lithium-ion battery.
The polymer electrolyte, used between the composite cathode and the anode, serves as
both a separator and electrolyte. The performance of lithium polymer batteries is strongly
influenced by the polymer membrane.

A polymer electrolyte used for lithium polymer batteries should have a high con-
ductivity, considerable transference number of Li*, strong mechanical properties, broad
electrochemical stability window, and also high thermal and chemical stability. Further, all
of those required properties of the polymer electrolytes, necessary for their application for
lithium polymer batteries, will be described.

(1) High conductivity of ions.

To promote ion mobility and ion movement, the polymer electrolyte should be first
of all a good ionic conductor. The required conductivities are in general higher than
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107* S em~! at room temperature. Nevertheless, a quick charge process is made possible
also from the high conductivity.

(2) Considerable transference number of Li*.

A high Li* transference number makes it feasible to reduce the electrolyte concentra-
tion polarization throughout the charge/discharge operation, which leads to higher power
density. The Li* transference number in an electrolyte system needs to be as close to one as
possible. It can be considerably raised by reducing the mobility of anions. Anions” mobility
can reportedly be reduced by anchoring them to the polymer’s backbone or by adding
receptors for anions to electrolytes that only interact with them.

(38) Strong mechanical properties.

The most crucial aspect that must be considered is the mechanical strength of a
polymer electrolyte. Elasticity is required in order to allow relaxation under stress during
the production, cell assembly, storage, and use, rather than becoming brittle like some
ceramics.

(4) Broad electrochemical stability window and high thermal and chemical stability.

The polymer electrolytes should not react with the anode, cathode, cell separator, and
all the other materials involved. The polymer electrolytes should have an electrochemical
window of up 4-5 V vs. Li/Li", to be compatible with both electrode materials. The
electrochemical window represents the difference between the potential of the oxidation
reaction and the potential of the reduction reaction. To boost the dimensional stability of
electrolyte membranes, some practical methods have been developed, including crosslink-
ing, adding inorganic fillers, and providing physical support with a polyolefin membrane.
Such materials contain salt that is dissolved in a polymer matrix.

The most common electrolytes are aprotic solvents, like cyclic carbonates, and dis-
solved lithium salts, because they provide superior electrochemical performance over a
broad temperature range. The trade-off with aprotic solvents is that the cell voltage and
cathode performance suffer as a result of this wide temperature performance. Sulfur-
containing solvents (like sulfolane), for example, show an electrochemical window of
6.1 V. They are the most resilient. Although ethyl methyl carbonate (EM) has a narrower
electrochemical window (4.0 V) than sulfolane, it offers better ionic conductivity. In general,
aprotic organic solvents with lithium salts generally have ionic conductivities between 102
and 1072 S cm 1. The ideal SPE would be a solid material with strong ionic conductivity
and a widespread electrochemical voltage window. For instance, PEO-based compounds
are also of great interest for applications as SPEs [8,9] because the compounds obtained
by the complexation of polyethylene oxide (PEO) with alkali metal salts showed high
ionic conductivities [4]. Theoretical models were considered to describe the ion transport
mechanisms, and also the physical and chemical characteristics of the electrolyte/electrode
interface, etc. Many reports from the scientific literature focused on the area of using
PEO-based derivatives for solid-state lithium-ion batteries, as the work of Homann et al.,
Changmin et al., and Xiuhong et al. [10-13] report.

PEO-based solid-state electrolytes have garnered more attention in recent years for use
in lithium-ion batteries because of their increased safety features, high energy density, and
enhanced potential window. Because PEO is a semi-crystalline polymer with a high degree
of crystallinity at room temperature, PEO-based derivatives have a few disadvantages as
well. These disadvantages include a relatively low Li-ion transport rate at room temperature
and low ionic conductivity, as well as a high degree of temperature fluctuation in ionic
conductivity. Their applications are, therefore, often carried out at higher temperatures. On
the other hand, PEO-based electrolytes can also be used at room temperature for energy
storage if their crystallinity is reduced. It was found that the increase in the lithium salt
concentration led to a decrease in PEO crystallinity [13].

One of the most promising candidates to be used as polymer matrices is PEO and its
derivatives. PEO can easily solvate cations and efficiently coordinate with them to create
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homogenous solutions. By coordinating with the lithium, the PEO matrix dissolves the
lithium salts. Other polymers already studied for such applications are shown in Figure 1
(PEO, PVA, PVC, PPA, PMMA, and so on). Many novel lithium salts have been investigated,
and solid polymer electrolytes have been enriched with inorganic fillers for increasing their
ionic conductivity. Some of those lithium salts are illustrated in Figure 2.
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Figure 2. Examples of inorganic lithium salts used for batteries (Ionic radii r are calculated from van
der Waals volumes of the ion models [in encyclopedia of electrochemical power sources, 2009].

The counter anion type controls the capacity of the lithium salts to dissociate. In
agreement with Coulomb’s law, bigger anions, with a delocalized electronic charge, will be
easily dissolved in dipolar aprotic solvents. On the other hand, in agreement with Stokes’
law, bigger anions have less mobility. Therefore, the requirements for lithium salts, as
mentioned for solvents, are incompatible with the dissociation ability and ionic mobil-
ity requirements. Two factors influence significantly the electrolytic conductivity of the
lithium salts: dissociation ability and mobility. Lithium bis(trifluoromethylsulfonyl)imide
(LiN(SO,CF3),, and lithium bis(perfluoroethylsulfonyl)imide (LiN(SO,CF,CF3),, LiBETT)
are two examples of the lithium imide salts. These salts with large and “weak-coordinate”
anions are frequently employed as plasticized salts for polymer, while they contain flexible
anions which will decrease the recrystallization kinetics of polymer electrolytes. Their
conductivities at room temperature are two to three orders of magnitude higher than
those of LiClO4 in PEO-based electrolytes [8]. In addition to the solvent, lithium salt also
contributes significantly to the formation of solid electrolyte interphase (SEI). It was found
that LiBF4 and LiB(C,O4); provide inferior SEI, but the combination of EC and LiPFg
provides better SEI on the graphite negative electrode. Li(CF350,),N corrodes the positive
electrode represented by the aluminum current collector, whereas LiMFn salts provide a
stable passivation coating containing fluorine. Such solid polymer electrolytes showed an
ionic conductivity still below 107 S em 1.

The polymer matrix used for obtaining the solid polymer electrolytes must first be
able to dissolve or complex lithium ions. The salt’s lattice energy and the host polymer’s di-
electric constant should both be reasonably high to promote the dissociation of organic salts
in polymer hosts. Lithium salts are able to dissolve in polymers containing heteroelements
or groups like -O-, =0, -5—, -N—-, -P—, C=0, and C=N, and to form polymer-salt complexes.
Ionic conductivity is influenced by the amount of mobile ions. The actual number of mobile
ions, or free ions, depends on the degree of salt dissociation in the polymer host. Due to
segmental chain mobility, the amorphous areas above the glass transition temperature (Tg)
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in dry solid polymer electrolytes allowed for ion movement. Ty is the temperature at which
the polymer undergoes a phase transition from a glassy solid to a rubbery material. It is
influenced by the chemical structure and the molecular weight of the used polymer and by
the salt concentration. Amorphous phases are generally favorable for Li* conduction, but
at the same time they decrease the mechanical stability of the entire system [10]. Lithium
ions are found in the polymer at appropriate coordination sites: -O—, -C=N, -N-R, etc.
(such as in polyethylene oxide, polyacrylonitrile or polyamide, etc.). Free volumes are
created by the polymer chains” ongoing local segmental motion. Lithium ions migrate
through these free volumes under the action of an electric field, either by jumping from
one polymeric chain to another or by moving from one coordination site to new sites along
the chains. In addition to the amorphous area, it was discovered that, beyond the glass
transition temperature (Tg), the ionic conductivity in ordered polymers may be even higher
in the crystalline phase than it is in the comparable amorphous material. A plausible
interpretation for the ionic conductivity observed in highly crystalline polymer electrolytes
suggests that Li+ ions migrate rapidly between adjacent units, akin to inorganic crystals,
resulting in the polymer matrix remaining essentially stationary. Additionally, the Li* ion
is being transported down the tunnels as a result of the defects and cavities that occurred
in the crystalline phase [9]. For example, PEO chains tend to form cylindrical tunnels in
the crystalline phase of the polymer, where the Li* cations are situated and coordinated by
ether oxygen atoms. Without the assistance of segmental motion, the Li* ions can move
along these cylindrical tunnels in the inter-chain space. The ionic conductivity of these
stoichiometric crystalline complexes can increase in up to two orders of magnitude by
substituting a small percentage of the XFg ions with very different monovalent ions (shape
and size), as N(SO,CFj3),.

Future batteries with enhanced energy density, safety, and processability will rely
heavily on solid-state polymer electrolytes (solvent-free electrolytes). New polymer elec-
trolytes containing phosphorous, in both the +3 and +5 oxidation states, are promising
compounds to be used in the field of batteries and energy storage. Different copolymers
with flame-retardant phosphonate units, ion-conductive cyclocarbonate moieties, and
lithium salts were combined to obtain solid polymer electrolytes (SPEs). The ionic con-
ductivity of those copolymers at room temperature is around 107> S cm~!. This is similar
to the conductivity of other solid polymeric electrolytes (for example based on ethylene
oxide). Furthermore, compared to the homopolymer blends of similar composition, the
copolymer electrolytes are more stable in a broad electrochemical window (0.5—4.5 V vs.
Li* /Li) and also at temperatures higher than 120 °C. This is due to the copolymer’s better
lithium salt solubility.

During the last decades, different organophosphorus compounds like phosphoramidic
derivatives [14], phosphates, phosphonates [15], phosphine derivatives, and phosphonium
salts have been developed and used for their fire-retardancy properties [16,17]. Such com-
pounds simultaneously suppress flames in both the gas phase and the condensed phase.
Trimethyl phosphate (TMP), triethyl phosphate (TEP), diethyl ethyl-phosphonate (DEEP),
2-(triphenylphosphoranylidene) succinic anhydride and ethyl phosphate—polyethylene
glycol based copolymer have been developed as low-molecular-weight alkylphosphine
flame retardants and the corresponding liquid electrolytes [16]. Extra SEI film-forming
additives are primarily needed to reduce the interfacial side effects of these small molecular
alkylphosphonates because they are liquid and are likely to be involved in interfacial
side reactions. In contrast, the advantages of polymeric flame retardants include their
high melting points, superior thermal and electrochemical stability, and lack of volatility
or leakage. These properties are crucial for the stability of the electrochemical interface,
particularly for solid polymer electrolytes [17]. Properties such as high acidity, corrosion
resistance, fire retardancy, good adhesion, complexation, and ion exchange capacity lead to
a constantly increasing demand for employing phosphorus compounds in solid polymer
electrolytes. Studies on polyphosphoesters are continuously evolving in light of the diversi-
fication and characterization of the polymer family as well as their use in a variety of fields.
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Polyphosphoesters (Figure 3) are structurally flexible polymers that are biodegradable
through hydrolysis as well as enzymatic digestion when used in physiological contexts.
Their backbone consists of repeated phosphoester linkages [18].
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Figure 3. Chemical structures of polyphosphoesters: polyphosphate (10), polyphosphite (11),
polyphosphoester (12), polyphosphonate (13) and polyphosphoramidate (14).

It is not easy to obtain a solid polymer electrolyte with good flame-retardant properties
and also with high lithium-ion transportation capabilities. Still, an example is phosphates-
based copolymer c-PPO, synthesized by copolymerizing oligo(ethylene glycol) ether
methacrylate (OEGEMA) with dimethyl-p-vinyl benzyl phosphonate (DMpVBnP) [19].
Benzyl-phosphonates derivatives were synthesized with higher yields and at lower reaction
time also by a green method, using ultrasounds [20]. To create c-PPO/LP30 GPE, the c-PPO
polymer films were mixed with 1M LiPFg in EC/DMC (1:1 wt.%). The obtained GPE
proved a strong ionic conductivity of 1.5 mS cm~! at 25 °C and showed capacity retentions
of 94% (Figure 4).
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Figure 4. Examples of flame-retardant polymers containing phosphorus: c-PPO (15) and tetraEG-S
and tetraEG-Se (16).

To have a strong flame-retardant effect in c-PPO, the DMpVBnP moiety was used,
resulting in nonflammable c-PPO/LP30 GPE. Further, polyethylene glycol (PEG) was
copolymerized with silicon and phosphorus-containing monomers, for obtaining a solid
electrolyte. These silicon/phosphorus polymers proved very good thermal stability and
also flame resistance [21,22]. At a mass ratio of 10:1 LiTFSI:DKP, the maximum conductivity
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at 25 °C was 2.98 x 107> Scm™!. This is due to the quantity and mobility of free lithium
ions, because both are the primary factors influencing the conductivity of electrolyte
membranes. The free lithium ions in the electrolyte progressively rose as the amount of
lithium salt increased, which also led to a rise in the effective carrier and ion conductivity.
The LiFePOy,/Li all-solid-state battery made with this solid electrolyte presents a promising
application opportunity for high-safety lithium-ion batteries, with a specific capacity of
129.2 mAh/g at 0.2 C after 100 cycles. The incorporation of phosphonate groups in PEO
polymers has made it possible to investigate cation binding in each polyphosphonate by
using 3'P NMR and 'H NMR spectroscopic titrations. The outcomes demonstrated that
positive cooperativity-binding behavior is followed during interactions with Li*. The
polyphosphonate containing the Se (Figure 4) showed high conductivity at and above
room temperature, and at the same time had higher Tg. These results call for additional
research into these modular polyphosphonates, to comprehend how modifications to
their functions (the presence of additional oxygen, boranes, or transition—metal complexes
and various length PEO backbone) [23] could alter their capacity for cation binding and
ionic conductivity. Each of these might have an impact on cation binding and open up
fascinating new possibilities and new directions for SPE development. By curing under UV
light, solid polymer electrolyte films containing lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and polyphosphoester copolymers were obtained. The amount of salt in the
electrolyte affects how much crystallinity is present in the copolymers caused by the PEG
section. The polyphosphoester copolymers, when used as solid polymer electrolytes (SPEs),
showed an ionic conductivity of 2 x 10~% S em ! at 70 °C. Compared to PEO’s transference
number of 0.17, lithium has a transference value of 0.26. The polyphosphoesters also
possess high flame retardancy, according to the measurements performed with pyrolysis
flow combustion calorimetry (PCFC) or micro-calorimetry. The solid-state lithium cell
Li/polymer electrolyte/LFP battery proved a coulombic efficiency of more than 98% over
100 cycles at 70 °C and specific capacity retention up to 80% [24].

Copolymers containing fluorine and phosphorus are also used as SPEs. Phosphinate
groups give the electrolytes remarkable fire-resistance qualities, while fluorinated groups
provide excellent thermal, (electro-)chemical, and mechanical stabilities. Copolymers based
on vinyl dimethyl phosphonate and vinylidene fluoride (Figure 5), poly-VDF-co-VDMP
(19) were synthesized by the radical copolymerization of vinylidene fluoride (VDEF, 17) with
vinyl dimethylphosphonate (VDMP, 18) [25].

F o
Hy, H,\ F
HzC:< + HzC:'< —_— (:2—(:2>c2
F P—OMe  DMC x

y
/ﬁ_feﬂ
(0]

MeO (l.l) MeO €

17 18 19

Figure 5. Synthesis of copolymers based on vinyl dimethyl phosphonate and vinylidene fluoride.

Applying the advantages of UV curing, those polymers and copolymers could be
therefore synthesized by a green chemistry method. In the literature are several examples
of the synthesis of such copolymers. For example, the copolymerization obtained in the
work of Bai et al. [25] takes place in the presence of 2,5-dimethyl-2,5-di(tert-butylperoxy)
hexane (DTBPH, a peroxide compound) at 115 °C in dimethyl carbonate (DMC) [26—46], as
shown in Figure 5. In our previous work, UV curing was also used for obtaining different
copolymers starting from vinyl dimethylphosphonate (18) by radical polymerization [47].
The UV light was used as a photoinitiator.

The thermal stability and the degree of crystallinity (x) of the poly(VDF-co-VDMP)
copolymers were higher when the vinylidene fluoride content was increased. On the
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other hand, when the content of vinyl dimethylphosphonate increased, the copolymers
molar mass decreased. SPEs were then obtained from a mixture of poly(VDF-co-VDMP)
and bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in acetonitrile. The degree of
crystallinity of VDF units was not affected by the addition of LiTFSI. In the sample with
molar ratio dimethylphosphonate units, Li* ions 1:1 showed relatively good conductivity;
1.9 x 1072 mS cm ! at 20 °C and 0.2 mS cm ! at 60 °C. In this case, the electrochemical
stability window was between 0 and 5.5 V, versus Li/Li*. An increased ionic mobility was
observed by adding small amounts of plasticizer, while at the same time the electrochemical,
mechanical stability, and flame retardant properties were the same. To improve the flame
resistance of the PEG600 (20) chain even more, silicon- and phosphorus-containing DOPO
(21) and KH560 (22) monomers were added. The synthesis of silicon- and phosphorus-
containing DKP polymer is shown in Figure 6.

/OCH3
C —0Q Si—OCH;
< \/>\ \/\/ \OCHS

S

Ho H
~< o—s/\/\o—c 70—?H2
HO 5 p—0
:P—
HZC / / WSI ~"ho O O

nnO— s|/\/\o—c —E—Ctt
Hfo/\fo HO 0—R=0
n

Figure 6. Synthesis of silicon- and phosphorus-containing DKP polymer (23) starting from PEG
600 (20).

The added chemical link increased the matrix’s stability to produce even higher
flame-retardant properties. The hydroxyl groups from the structure of PEG 600 (20) can
polymerize with the methoxy group of 22, which then further can react with the DOPO'’s ac-
tive P-H bonds [27]. The DKP/LiTFSI electrolyte exhibits strong ionic conductivity (mainly
due to the Si-O core of 23). At a mass ratio of 10:1 LiTFSI:DKP, the obtained conductivity
was 2.98 x 107° S em ™! at 25 °C. As the temperature increases, the conductivity increases
even more and respects the Arrhenius equation. The performances of a LiFePO,4/Li battery
containing DKP/LiTFSI solid electrolytes showed the discharge capacities after 10 cycles
at 60 °C, as follows: 142.0, 133.2, 126.6 and 115.5 mAh/g, for current densities of 0.1 C,
0.2,0.5,and 1 C (1 C =170 mA/g). At 0.1 C current density, the solid-state battery pro-
duced a specific capacity of 134.5 mAh/g. After six charge—discharge cycles, its reversible
capacity stabilized, and the coulombic efficiency increased and was very close to 100% for
DKP/LiTFSI electrolyte-assembled LiFePO,/Li solid-state battery [22].
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High-temperature stability, amorphous nature, and flame retardancy are important
properties and characteristics which recommend the incorporation of phosphorus into poly-
mer chains to be used for Li-po. Different polymers containing phosphorus used for solid-
state batteries were also synthesized by ring-opening polymerization (ROP) (Figure 7) [28]
and by polycondensation (Figure 8) [17].
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Figure 7. ROP synthesis and structures of the obtained phosphorus containing polyethers.

OH

30 (!

Figure 8. Synthesis of PBMP (30).

The polyethers 27 presented in Figure 7, are stable, amorphous, and solid at room
temperature (except R3). The solid polymer electrolyte containing R2 and having a 40%
LiTFSI content had the maximum conductivity of 2.9 x 107* S cm~! at 80 °C from
the polymers synthesized as shown in Figure 7. It can be used as solid polymer elec-
trolytes in lithium-ion batteries, with an improved flame retardancy also. Poly(bis(4-
phenoxyl)propane methylphosphonate) (PBMP, 30) synthesized by the polycondensation
of diphenyl methylphosphonate (DPMP, 28) with bisphenol A (BPA, 29) is another example
of a strong flame retardant used for energy storage applications (Figure 8) [17].

Poly (bis(4-phenoxyl) propane methylphosphonate) (PBMP), synthesized by polycon-
densation (Figure 8), was used to obtain new materials with a high conductivity, good ion
transport properties, and also good flame retardancy. The PEO/PBMP blend with 3% phos-
phorus content showed a LOI (limiting oxygen index) value of 25.6%. The PEO/PBMP mix
has a strong electrochemical stability window of 4.0 V vs. Li* /Li, and an improved ionic
conductivity at room temperature (1.25 x 107> S ecm ™). In addition, there are no significant
side effects on battery performance and on charge/discharging behavior and cycling capa-
bility [17]. When LiTFSI was used at concentrations higher than 25%, it tended to aggregate.
The aggregation decreases the ionic conductivity. The charge/discharge plateau was 3.5V
vs. Li*/Li and showed an initial specific capacity of 100 mAh/g, which is enhanced to
150 mAh/g after 20 cycles. From the 20th to the 100th cycle, the discharge-specific capacity
remained around 150 mAh/g [17].
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The homopolymerization of monomer dimethyl(methacryloyloxy)methyl phospho-
nate (MAPC1, 32) and monomer(2-Oxo-1,3-dioxolan-4-yl)methyl methacrylate (MACyCB,
31), allowed the obtaining of homopolymer poly(MAPC1), with an apparent Mn of
61 x 10% g mol~! and a polydispersity of 1.9 and, respectively, of poly(MACyCB) with a
molar mass of Mn of 67 x 10® g mol~! and a polydispersity of 2.60 [29]. SPE membranes
were prepared either from copolymer or a mix of homopolymers with the same ratio of
both comonomers (MAPC1 and MACyCB) (Figure 9).

(0] \\é;
)H(O\/C >: ©
o
0 3

MACyCB o 0
1

Figure 9. Synthesis of poly(MAPC1-r-MAcy CB) copolymers (33).

MAPC1 (31) and MACyCB (32) are interesting monomers for applications in solid
polymer electrolytes because they have the fire-retardant properties of phosphonate and
also of ionic conductivity. The homopolymers poly(MAPC1) and poly(MACyCB), and also
1:1 mol copolymer of MAPC1 and MACyCB, loaded with LiTFSI at a same molar ratio of
1:1, showed that the poly(MAPC1) is stable at a low voltage (1.5 V against Li* /Li) and at a
high voltage (over 5V vs. Li* /Li) as well. On the other hand, the cyclocarbonate-containing
poly(MACyCB) polymer is only stable between 1.8 and 3.5 V vs. Li*/Li. This suggests
that the inclusion of MAPC1 in the copolymer will improve the electrochemical stability
of MACyCB. The SPE membranes based on the poly(MAPC1-r-MAcy CB) showed better
LiTFSI solubilization in comparison with the analogous homopolymer-based SPEs. This
will lead to obtaining a higher ionic conductivity, based on the polymer architecture [29].

The plasticizers (TMPO) and the crosslinker (TAMEPO) with a phosphate core at-
tached, and with an oligo(ethylene oxide) structure (Figure 10), increased the electrochemi-
cal stability and thermal resistance of the obtained materials [30].

P
n n
TME,PO n=1
TME,PO n=2
TME;PO n=3
n=4

TME,PO

Figure 10. Structure of the used plasticizers (TMPO) and crosslinker (TAMEPO) containing a phos-
phate core.
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SPEs were prepared by radical polymerization. The reaction mixture contained the
crosslinker (TAME,PO), the plasticizers (TMPO), and a lithium salt. The crosslinking
has provided enough mechanical stability (tensile strength of up to 1.2 MPa). The ionic
conductivities increased as the EO content was lower, and the plasticizer concentration
was increased. The optimal ratio was EO]/[Li] 15:1. LiN(SO,CFj3); lithium salt, leading
to better results than LiSO3;CF3. At room temperature, the highest ionic conductivity was
around 5 x 1074 S cm™! for the SPE containing 80 wt% TME3PO and LiN(SO,CF3),. The
electrochemical stability window was above 5.0 V (vs. Li"/Li), resulting in a lithium
plating /stripping efficiency of 75% [30].

With a molar ratio of DPOX:DDOE 1:1 (Figure 11), the self-extinguishable property
of a solvent-free cross-linked poly(oxetane)-based electrolyte films is derived from the
photo-initiated polymerization of a compound containing a dimethyl phosphate ester
group (DPOX) and 1,9-bis(3-ethyl-3-oxcetanyl)-2,5, 8-trioxanonane (DDOE).

O
IR
O

\

~

DPOX

O<>2/O\/\O/\/O\§<>O

DDOE

Figure 11. Structures of oxetane derivatives DPOX and DDOE.

The conductivity strongly depends on the used ratio and on the nature of lithium salts.
For the DPOX:DDOE 1:1 (LiX), the conductivity at 353 K was, as follows:
—515puScm~! when X =BF;andn=1
—56.1 uS cm ! when X = TFSI and n =1
—0.122 mS cm~! when X = TFSI and n = 2 [31]

2.2. Gel Polyphosphonate Electrolytes

Gel polymer electrolytes (GPEs) are a result of attempts to increase the ionic conduc-
tivity of solid polymer electrolytes (SPEs), usually by adding a low amount of plasticizer
or solvent to SPEs. In general, the ionic conductivity of GPEs is two orders of magnitude
higher than the one of SPEs and can reach 1073 S cm~!. The increase in ionic conductivity
was observed together with a decrease in mechanical strength. GPEs’” mechanical strength,
transport characteristics, and electrochemical properties have all been significantly im-
proved by the addition of inorganic fillers. To increase the ionic conductivity even more,
different methods were employed during the last decades, including changing the polymer
matrix, looking for new kinds of lithium salts, and adding inorganic fillers [32]. Especially
in the last two decades, significant progress has been achieved in the field of electrochemical
energy storage. Due to their many uses (including fixed power grid storage, electrical
vehicles, and portable electronic gadgets), lithium-ion batteries (LIBs) are gaining a lot of at-
tention, as was previously highlighted [33,34]. As power LIBs with a higher energy density
continue to be developed, safety concerns remain a serious concern and are becoming more
stringent [35,36]. The utilization of conventional organic liquid electrolyte, which comprises
volatile carbonate solvents with a low flash point, is widely recognized to increase the
danger of leakage and combustion, as previously mentioned. It is possible to argue that the
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flammable electrolyte is the primary element influencing overall thermal stability. Organic
phosphorus-containing compounds have been used with organic carbonates to develop
flame retardants or even nonflammable electrolytes [40]. Wang et al. [16] obtained a con-
centrated electrolyte by using trimethyl phosphate (TMP) as flame retardant. This leads
to a very stable charge/discharge cycling, with high cell performance. Cao et al. [41] also
proved the increased stability of those systems by using nonflammable electrolytes with
high salt-to-solvent ratios in lithium-ion batteries. Zhang et al. [42] reported an interesting
approach by formulating a nonflammable electrolyte mainly based on triethyl phosphate
(TEP) and ethylene carbonate.

Using gel polymer electrolytes resulted in significant advancements. In comparison
with typical liquid electrolytes, gel polymer electrolytes (GPEs) [43,44] and solid-state
electrolytes [45,46] are highly chosen due to their wide electrochemical window and ca-
pability to tackle the safety issue by minimizing flammability and boosting stability. It
has been established that environmentally acceptable and efficient fire-retardant polymer
electrolytes are materials that offer safer operating conditions for lithium-ion batteries. The
safe and non-flammable properties of phosphorus-based polymer electrolytes were used
already in lithium-ion batteries [43-50], but their ionic conductivity is generally low at room
temperature (around 107°-108 S cm ™). In GPEs, the liquid electrolyte is immobilized in a
polymeric matrix. This will significantly decrease the risk of leakage. As a consequence, the
nonflammable GPEs became the most important alternative for the fabrication of advanced
LIBs [32,51,52].

Tris(2-(acryloyloxy)ethyl)phosphate cross-linking gel polymer electrolytes were syn-
thesized by Kim et al. [53,54] and used in lithium-ion batteries [52]. There must be a
minimum of two polymerizable functional vinyl groups present in the cross-linkers. Al-
lyl alcohol, triethylene glycol dimethacrylate (TEGDMA), 1,4-butanediol dimethacrylate
(BDDMA), and pentaerythritol tetraacrylate (PET4A) are a few examples of cross-linkers
utilized to generate GPEs for lithium-ion batteries [32]. Then, in situ heat polymerization
(at 75 °C) was used to create the appropriate cross-linking gel copolymer electrolytes.
Therefore, alkenyl phosphate molecules could be added to the polymer chain. The GPEs
containing TEGDMA showed elastic and soft properties, with higher conductivity. At
the same time the GPEs containing BDDMA or PET4A were more rigid materials and
showed lower conductivity. It was observed that the TEGDMA-based GPEs showed higher
performances. Therefore, the copolymerization process could improve the mechanical
properties (elasticity and leakage) and also the ionic conductivity of GPEs [32,34].

Alkenyl compounds containing phosphorus, with different ester structures (as AEDEP
and MADBP, Figure 12), should match different monomers to form GPEs with higher
performance.

o o
I |
/\/P\\OCZHS O/P\\002H5
OC,Hs OC;Hs
DEAP ADEP
i
0
/\”/ \/\o—T—ocsz
o) OC,Hs
AEDEP

0
o [
\/\O—T—Ocsz

OC,Hs
MADBP

Figure 12. The structure of alkenyl phosphonates/phosphates monomers.
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The monomer ratio is important and can influence the properties of the obtained GPE.
The best GPEs in this case were AEDEP—EA (ethyl acrylate)—TEGDMA and MADBP—
MMA (methyl methacrylate)—TEGDMA, both with the monomer’s ratio of 3:3:2. The
MADBP—MMA—TEGDMA gel polymer electrolyte obtained by radical polymerization
(Figure 13) showed a conductivity around 7.88 mS cm 1.
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Figure 13. The synthesis of MADBP gel polymer electrolyte (GPE).

The presence of the polar groups on the structure of the polymer matrix of the obtained
GPE increases its solubility. As a result, a homogenous gel polymer electrolyte with
acceptable mechanical qualities will be obtained. Metal-organic frameworks containing
phosphorus and also polyphosphonates are present in the network structures formed
usually by the chemically cross-linkable constituents [32,55,56]. Such compounds are
suitable for different applications, including their use as corrosion inhibitors. The polymer
network, containing 90% electrolyte, is responsible for high ionic conductivity, and therefore
it can be used also for Li-ion batteries. By washing the liquid electrolyte from GPE, one may
produce the porous network of the polymer matrix. The polymer matrix’s surface and cross-
section revealed a homogeneous layered porosity distribution, which contributes to its
strong ionic conductivity, high surface area, high lithium-ion transport channel, and good
liquid-electrolyte absorbability [32]. All of these properties and characteristics make those
GPEs containing MADBP very promising alternatives for applications in Li-ion batteries.
The GPEs containing MADBP, in addition to their good stability, high conductivity, and
good electrochemical stability, also showed significant flame retardant properties.

The DEAP and ADEP have both low homopolymerization ability because they are
relatively easy to split into stable allyl radicals during the radical thermal polymerization
process, and as a consequence, low-molecular-weight homopolymers were obtained (below
5000 g/mol). On the other hand, in the case of AEDEDP it is not easy to obtain an intramolec-
ular chain transfer reaction, and consequently this monomer can form homopolymers with
molecular weight higher than 30,000 g/mol. The polymerization capability of DEAP, ADEP,
and AEDEP (Figure 12) was improved significantly when they were copolymerized with
methyl methacrylate (MMA) and styrene monomers. The molecular weights of the obtained
copolymers of DEAP and ADEP with MMA were much higher than their corresponding
homopolymers (Table 1) [32].

Due in large part to the coordination interaction between MADBP and lithium ions
as well as the loosely porous polymer-matrix structure, the Li cell based on the polyphos-
phonate gel electrolyte demonstrated good charge—discharge cycle performance and high
efficiency [32].
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Table 1. The molecular weights (Mn, Mw) and polydispersity (PDI = Mw/Mn) of the homopolymers
and copolymers based on DEAP, ADEP, and AEDEP monomers.

Monomers gi\rllnrz)l gﬁl‘:l PDI
DEAP 5000 5350 1.07
ADEP 1350 2050 1.51
AEDEP 33,500 35,050 1.05
DEAP/MMA 88,800 99,450 1.12
ADEP/MMA 12,450 29,450 2.36
AEDEP/styrene 71,750 78,450 1.09

3. Polyphosphazenes Used as Polymer Electrolytes

The structure of phosphazenes contains a double bond between a phosphorus atom
and a nitrogen atom. Phosphazenes can be found in the following configurations: small
molecules, different cyclic species, high molar mass polymers with -P=N- repeating units,
or linear oligomers with a ring made up of alternating phosphorus and nitrogen atoms. The
polymerization of substituted phosphazene leads to the synthesis of polyphosphazenes.
Because of the extremely high torsional mobility of the P-N phosphazene link, polyphosp-
hazenes exhibit very beneficial features for their use as polymer electrolytes, such as low
glass transition temperature Tg, which is frequently as low as —100 °C. The properties
of polyphosphazenes are mostly influenced by the type of side groups that are attached
through P-C, P-O, or P-N bonds. Although the P-C bonds are hydrolytically stable, it is
challenging to incorporate them into polyphosphazene backbone. Moreover, the P-O bond
exhibits hydrolytic stability. For instance, poly-phosphazene is hydrophobic and chemically
stable due to the fluorinated alkoxy side groups [57].

3.1. Solid Polyphosphazene Electrolytes

In 1984, Allock et al. [57-59] proved that polyphosphazene-based electrolytes have
good ionic conductivity and high electrochemical stability. Therefore, such polymer elec-
trolytes could be a good candidate for applications in Li-ion batteries. Furthermore,
this polymer has a strong fire resistance due to the phosphorus atom from its struc-
ture [60]. Diethylene glycol monomethyl ether, found in the literature also as 2-(2-(2-
methoxyethoxy)ethoxy) ethanol, was obtained by using the previously synthesized poly
(dichlorophosphazene) with ionic conducting units, such as diethylene glycol
(Figures 14 and 15), to create poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] (MEEP).

pentane
PCls;, SO,Cl,
LiN(SiMe2), Cl,P=N—SilMe;
- LiCl
34 - CISiMe; 35
-S0,
cl toluene Cl cl
[ 2PCl¢ [ |
n Cl—P=—=N—=SiMe; —— > C|l—P=N-+—P=N-1-PCI;"PCls"
-n CISiMes | | S
cl Cl Cl
n-1
35 36

Figure 14. The chemical route to obtain the precursor polymer (36).
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Figure 15. The synthesis of poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] MEEP (37).

MEEP is the most commonly used polyphosphazene for energy storage. In comparison
with PEO-based polymers combined with lithium salts as polymer electrolytes in batteries,
MEEP (37) showed three to four orders of magnitude greater ionic conductivity. The
explanation is that the existence of etheric oxygen bonds in the MEEP matrix allows the
salts to dissociate. It was believed that the nitrogen atoms in the backbone may dissolve the
cation and induce dissociation as a result. The flexibility of the side chains and backbone
of polyphosphazenes is another benefit, as evidenced by their structures in Figure 16
(polymers 38 and 39), which provide also a low glass-transition temperature (Tg = —84 °C).
This is an advantage for their use in Li-po batteries, while it allows a faster ion migration
than in the case of rigid polymers. MEEP (37), one of the most used compounds for Li-po
batteries, belongs to the polymer structures 38.

Li*
Q o
NN

o S Se

‘['::;:N% ~[—F:>=N%

wov\h o bo NP

38 39

Figure 16. Ion conducting polyphosphazene electrolytes: polyphosphazene with varying ethyleneoxy
chain length (38, y = 0-15) and single-ion polyphosphazene (39).
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Such compounds could be involved in different chemical syntheses and processes as
exposure to ultrasounds, y-irradiation, UV curing, transesterification, sol-gel process, syn-
theses of heterocyclic compounds containing phosphorus and nitrogen (as phosphazenes),
and so on [25,47,61-70]. MEEP, which is an amorphous polymer, has one of the highest con-
ductivities from the class of unplasticized polymer electrolyte systems [71]. The polyphosp-
hazene electrolyte membranes containing linear polymers with repeating -(N=PR5)- units,
grafted with ethylene oxide chains R(OCH;CH;)3OCHj3, and in addition, containing LiTFSI
and LiBOB lithium salts, dissolved in EC/DMC, showed the following conductivities at
room temperature: 1.2 x 107* S cm~! in the case of LiTFSI and 2.6 x 1074 S cm™! for
LiBOB [72]. Several charge/discharge tests were performed in different conditions for
MEEP/LiBOB/EC/DMC systems. Without any evidence of lithium-related short circuits,
those studies revealed a consistent cycling behavior with over 1300 cycles and capacities
greater than 110 mAh/g [73,74]. The ionic conductivity was shown to rise with a chain
length of up to eight ethyleneoxy units (CH,CH,O). When it contained more than eight
ethyleneoxy units, the gel crystallized, and as a consequence, the conductivity was af-
fected [71]. Polymers containing cyclic ether side groups attached to the polyphosphazene
backbone were synthesized (Figure 17) and their mixtures with LiTFSI (at different salt
concentrations) were studied as polymer electrolytes [75].

//O

o Mo
KH -+ 0 o

7 ] 7
P=N —[—P=N+ +P=N+
tr= =N, =N,
R R R
DOPP THFPP

Figure 17. Structures of DOPP and THFPP.

Both, poly[(1,3-dioxane-5-oxy) (1,3-dioxolane-4-methoxy) phosphazene] DOPP and
5-hydroxy-1,3-dioxane poly[bis(2-tetrahydro-3-furanoxy)phosphazene] THFPP, have low
glass transition temperatures (Tg) and thermal stability only up to 200 °C. The LiTFSI salt
dissolution takes place under the dissociation of the ions at low concentrations. When
the salt concentration increased, less dissociation occurred. Therefore, the whole LiTFSI
system settles down into the polymer side chain substituent. The maximum lithium-ion
conductivities were obtained at a temperature of 60 °C, as follows:

- for DOPP (12:1)2.81 x 107®Scm™!
- for THEPP (6:1 at 60 °C) 9.03-10~7 Scm ™!

Due to lithium’s greatest electrode potential, the conductivity of lithium salts in SPEs,
particularly MEEP, have been thoroughly explored in recent decades for applications
in storage energy devices [75]. The flexibility of the polymer chains affects partly the
conduction of ions in a polymer electrolyte. Hence, flexible macromolecules have better
ionic conductivities than rigid polymers because they permit faster ion migration. The
glass transition temperature (Ty) is also correlated with the polymer chain’s flexibility [71].

Another example of phosphazene polymer electrolytes synthesis is the obtaining
of poly(phosphazene)s (MEEPP) containing 2-(2-methoxyethoxy)ethoxy and 2-(phenoxy)
ethoxy units, with 2,4,6-tris[bis(methoxymethyl)amino]-1,3,5-triazine (CYMEL) as a cross-
linking agent [76]. MEEP has good ionic conductivity, a flexible polymer backbone, and
good fire-retardant properties. Cross-linking is a practical method to obtain membranes
with adequate mechanical strength: poly(phosphazene) MEEP with 2-(2-methoxyethoxy)
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ethoxy and 2-(phenoxy)ethoxy units are mixed with 2,4,6-tris[bis(methoxymethyl)amino]-
1,3,5-triazine (CYMEL) in DMSO. The used molar ratio of the phenyl group, CYMEL, was
3:1. The resulted solution was then stirred at 135 °C. After 30 min, the lithium salt LiTFSI
was added under stirring to the solution and mixed further until a homogeneous mixture
was obtained [76].

An important class of phosphazenes used for obtaining membranes is represented
by the polyphosphazenes containing chlorine. Poly(dichlorophosphazene) is one exam-
ple. It could be synthesized in the first step by the ring-opening polymerization of hex-
achlorophosphazene with sulfamic acid (H3zNSOs3) as a catalyst. The chemical process
between poly(dichlorophosphazene), diethylene glycol monomethyl ether sodium salts
and 2-(phenoxy) ethanol yields polyphosphazene 43 with 2-(2-methoxyethoxy)ethoxy, and
2-(phenoxy)ethoxy units (Figure 18). The amount of the 2-(phenoxy)ethoxy unit should
be around 6-18 mol %. Otherwise, a content higher than 18 mol % leads to a decrease in
lithium-ion mobility [76].

Cl P/CI o
NN Sulfamic acid / |
P_ 2P 212C
| N7 | \ Cl
Cl Cl n
40 36

o/\/O

Fr

O\/\O/\/O\
43

\

Nao\/\o/\/o\
42

Figure 18. The synthesis of phenoxy-containing polyphosphazenes (43) used as polymer electrolytes.

The work of Schmohl et al. [77] demonstrated that mixed substituted polyphosp-
hazenes possess the electrochemical properties and the requirements to be used as polymer
electrolytes together with lithium metal anodes [77-81]. Therefore, two series of mixed
polyphosphazenes MEE-co-OBF;LisP and MEE-co-OBF;Li(1)P were synthesized with
different concentrations of the anionic oxytrifluoroborate groups (5% and 10%). The oxytri-
fluoroborate groups were further neutralized by an additional number of lithium cations.
Then, around 1 g of the polymer (44) dried at 60 °C under vacuum for one week was
dissolved in THF (Figure 19). Benzophenone (10%) and lithium salt (15%) were then added
to the polymer solution under stirring.

Cl OH Cl
NaOH | |
THF | |
Cl Cl Cl
n — X —n
36 44

Figure 19. The synthesis of poly-hydroxophosphazene’s precursor.
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The resulting mixture was dried under a vacuum at 60 °C for more 24 h, to completely
remove THF. For obtaining thin membranes of the salt-in-polymer electrolyte, a suitable
amount of the dried mixture was pressed between two solid foils. Membranes with a
thickness of 200-300 um were obtained. The last step of this procedure is the cross-linking
process under UV-irradiation for 12 min. In the same way, polymer electrolyte membranes
were obtained also with different lithium salts (for example 5/10 mol % -OBF;Li substituted
polymers with 15 wt% LiBOB, LiTFSI, and LiFSI) [77].

3.2. Gel Polyphosphazene Electrolytes

Due to their high flame retardancy [77,78], polyphosphazenes were used also as
polymer gel electrolytes in Li-ion batteries. MEEP, when used in Li-po batteries, showed a
high ion conductivity (2.4 mS cm~1) at 25 °C and stable long-term charge/discharge cycling
ability against lithium metal anodes (1350 charge-discharge cycles at 0.5 °C [73,74,79-81].
While the surface morphology and the SEI (solid electrolyte interphase) property of the
obtained GPEs remain still unclear, further research is necessary to clarify completely the
interfacial behavior. Jankowsky et al. [72-74] have previously synthesized MEEP and
obtained salt-in-polymer membranes. Gel polymer electrolytes were prepared by soaking
a liquid salt solution containing 0.7 M LiPFg in ethylene carbonate-dimethyl carbonate
(EC/DMC 1:1) in a salt-free cross-linked MEEP membrane [26,82,83]. Two different cells
were studied and presented in the scientific literature:

(a) the two-electrode cell for in situ monitoring of lithium deposition/dissolution by an
optical microscope;

(b) a three-electrode cell (Swagelok cell, Figure 20) for electrochemical analysis by cell
cycling and EIS (electrochemical impedance spectroscopy) measurements.
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Figure 20. Configuration of Swagelok cell.

The Swagelok cell is symmetrical. It contains three electrodes (the third one is a Li*/Li
electrode). Lithium metal foil was used for working and for counter electrodes. Because
lithium metal and other components in the cell are extremely sensitive to moisture, both
types of assembly cells were conducted in a dry room. In comparison to the dry MEEP base
membrane, the polymeric gel electrolyte EC/DMC + MEEP/LiPF6 is a more intriguing
solution. Once more, the lithium WE's time-dependent sequence of over potential pulses
was observed during galvanostatic pulses that alternated between anodic and cathodic
conditions at a rate of +-0.1 mA cm 2. The initial step in the lithium dissolving process for
the MEEP/LiPF6 gel electrolyte begins with an instantaneous increase in overpotential to
60 mV [26].

While poly[bis(2-(2-methoxyethoxy)ethoxy)-polyphosphazene] (MEEP) was proved
to be a good polymer electrolyte [80-90], Schmohl et al. [77] reported the synthesis of
polyphosphazene derivatives boron and fluorine containing, used for application as both,
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solid and gel polymer electrolyte. Poly[bis 2(2-methoxyethoxy)ethoxy-co-oxytrifluoroborat
lithium phosphazenes, abbreviated MEE-co-OBF;Li(5)P and MEE-co-OBF3Li(;9)P, was
successfully used also as GPE. The synthesized polymers were mixed with lithium salt,
ethylene carbonate-dimethyl carbonate (EC/DMC) 1:1, and benzophenone. Then, the
obtained mixture lead to obtaining the GPE. Further, the gel polymer electrolyte membranes
occurred after cross-linking using UV-irradiation for 12 min. After each minute, during the
UV cross-linking process, an intermediate cooling by dry ice is necessary. The obtained
MEEP/LiBOB gel polymer proved enhanced charge-discharge cycles and showed high
stability of the Li/MEEP interface [73,79].

4. Other Phosphorus Containing Polymers Used as Polymer Electrolytes
4.1. Solid Polymer Electrolytes

An example of solid polymer electrolytes used in Li-po batteries, other than the previ-
ously mentioned ones, is the product obtained by the polymerization of butyl bis(hydroxym
ethyl)phosphine oxide 46 [84].

The butyl bis(hydroxy methyl)phosphine oxide 46 is first obtained from the precursor
45 in a three-step synthesis (Figure 21); with Bul in methanol at 70 °C, and then with an
excess of trimethylamine (NEt3) at 60 °C, and finally with HyO; in methanol. Product 46
was obtained at a 1:1 ratio with a secondary product 47, and it was further copolymerized
with different dibromo monomers such as 48-50, to yield the polyethers 51-53, respectively,
via nucleophilic substitution reactions (Figure 22).
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Figure 21. Synthesis of butyl bis(hydroxymethyl)phosphine oxide 46.
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Figure 22. The synthesis of phoshorus containing polyethers 51-53.
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The polymerization reaction was carried out in two steps, in the presence of K,COj3 as
a base in N,N-dimethylacetamide (DMAc). Toluene was added and then an azeotropic dis-
tillation was necessary until the water was completely removed [85]. Further, by increasing
the temperature up to 1600C, the solid polyethers 51 and 52, and also the liquid polyether
53, were all obtained. The polyethers 51-53 showed good solubility in CHCl3, THE, and
DMSO [80]. The main properties of polymers 51-53 used as solid polymer electrolytes
in Li-po batteries are shown in Table 2 (number average molar mass M, weight average
molar mass My, polydispersity PDI, decomposition temperature T4 and glass transition
temperature Tg).

Table 2. Properties of polyethers 51-53.

Co-Monomer Polymer T4 °C Tg °C M, g/mol My, g/mol PDI
48 51 308.2 65.1 9414 15,156 1.61
49 52 279.9 43.4 8420 14,230 1.69
50 53 240.7 —40.5 10,077 16,425 1.63

The solid polymers 51 and 52 were involved in the preparation of the solid polymer
electrolytes SPE1 and SPE2 by using lithium bis(trifluoromethanesulfonyl) imide (LiTFSI)
(10, 20, 30, and 40 wt%). The polymers 51 and 52 and THE lithium salt were dissolved
together in THF at 25 °C and kept in those conditions for 12 h. After the solvent evaporation,
the product was dried under vacuum to obtain the SPEs. The thermal stability increased
for SPE1 and SPE2 in comparison with the polymers 51 and 52. Moreover, the SPE1 and
SPE2 showed higher thermal stability when the lithium salt content was increased (from
10 wt% of LiTFSI to 40 wt% of LiTFSI, Table 3).

Table 3. Properties of polymer electrolytes SPE1 (containing the polymer 51) and SPE2 (containing

the polymer 52).
SPE % LiTFSI o[Sem11at30°C o [Scm~1]at80°C T4 °C Tg °C
SPE1 (10%) 5.1 x 107 5.6 x 1076 324.1 78.9
SPE1 (20%) 6.5 x 1077 8.3 x 1070 3325 86.7
SPE1 (30%) 9.5 x 1077 44 %1075 341.6 102.4
SPE1 (40%) 2.6 x10°° 73 x 1075 355.8 116.2
SPE2 (10%) 32 x10°° 2.3 %1075 290.2 52.4
SPE2 (20%) 6.5 x 1076 8.8 x 107> 298.1 65.3
SPE2 (30%) 1.2 x 107> 14 x 1074 310.5 70.6
SPE2 (40%) 2.1 x10°° 3.7 %1074 321.7 78.1

As a result, when the lithium salt was added, the glass transition temperatures (Tg) of
SPE1 and SPE2 likewise climbed steadily, rising from 10% to 40%. The efficient coordination
of the polymer chains with lithium ion may be the cause of this. Table 3 [84] also lists the
conductivities (o) and the ionic capacities at 30 °C and 80 °C of SPE1 with 1040 wt% of
LiTFSI (SPE1 10-40%) and SPE2 with 10-40 wt% LiTFSI (SPE2 10-40%).

4.2. Gel Polymer Electrolytes

In addition to the previously mentioned polyphosphonates and polyphosphazenes,
phosphates could also be used for obtaining gel polymer electrolytes (GPEs). One example
is tri(2-(2-methoxyethoxy)ethyl)phosphate (56). It is suitable to be used for energy stor-
age [86] and it could be synthesized by the chemical process described in Figure 23, starting
from phosphoryl chloride 54, also called phosphorus oxychloride (Cl3P=0).
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Figure 23. The synthesis of phosphate 56 starting from CI3P = O (54).

The obtained tri(2-(2-methoxyethoxy)ethyl)phosphate 56 is a non-volatile compound
at room temperature and has low flammability in comparison with propylene carbonate.
One important characteristic for a compound to be used as an additive for GPEs is low
volatility. But it should be taken into account that above 180 °C, tri(2-(2-methoxyethoxy)
ethyl)phosphate (56) decomposes. The GPEs could be prepared in this case by using lithium
bis(trifluoromethylsulfonyl)imide (57) as the lithium salt (Figure 24).

O 0O
F3C\S// \\S _CF3
N
d NN

57

Figure 24. The structure of lithium bis(trifluoromethylsulfonyl)imide (57).

The conductivities of phosphorous containing gels were slightly lower than those
obtained with propylene carbonate, but the risk of flammability was reduced significantly.
Therefore, using the phosphate GPEs has the advantage of fire retardancy, but the conduc-
tivity, and as a consequence the performances, decreased a little. On the other hand, the
glass transition temperatures are similar (Tg from —80 °C to —90 °C) for the GPEs obtained
either with tri(2-(2-methoxyethoxy)ethyl)phosphate or with propylene carbonate [86].

5. Conclusions

The major contribution of the present review is to describe the use of different phos-
phorus containing polymer electrolytes as materials for Li-po batteries. Among those
materials used in the last decade for energy storage are PEO-based SPEs [8-13,23,24], or
polymers such as MEEP [71-76]. Both the dry polymer (solid polymer electrolytes) as
well as the gel polymer electrolytes showed a high conductivity. Those are the two main
directions for applications in the field of Li-po batteries and energy storage. In addition
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to their high conductivities, such polymers offer also better charge—discharge cycles (as
faster charging and higher stability). The MEEP-based polymer electrolytes enhance the
solid electrolyte interphase (SEI) formation on lithium anodes in comparison to the liquid
solutions of LiPFg in EC/DMC. The GPE based on MEEP leads to the obtaining of a mem-
brane with high conductivity. Through a gelification process using polar aprotic liquids,
which significantly increases ionic mobility, the polymer electrolytes are often transformed
into polymer gels [21,80,87-96]. The application of polymers with immobilized anions
(polyanions) is anticipated to yield an extra enhancement. In this instance, the mobile
lithium-ions balance the charge. One lithium-ion transport and a transference number
of one are anticipated outcomes of this approach. When polyphosphazenes were used,
it was shown to be successful and promising for many applications in the field of Li-po
batteries, to introduce boron trifluoride (BF3) as the anionic species to the polyphosphazene
backbone [75-81]. Recently, a few approaches were developed for an even higher increase
in the lithium conductivity of the modified MEEP, such as introducing a higher amount
of substituted anion groups such as “OBF;Li or lithium salts into the polymer structure.
Those MEEP modifications also increased the Li* ions mobility [77]. As proved by the
current state-of-the-art field of energy storage, it is expected that the use of phosphorus
containing polymers (polyphosphonates, polyphosphazenes, polyethers and polyesters
phosphorus containing, and so on) for Li-po batteries will increase in the future, due to
their significant advantages as high conductivities, high stability, lower flammability, and
better charge—discharge cycle.
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