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A B S T R A C T   

Polyphosphazenes, which are inorganic-organic hybrid polymers with P––N as the skeleton, are well-known for 
their unique physicochemical properties stemming from their backbone structure and highly active P–Cl bonds. 
The diverse functional properties of polyphosphazene make it a promising research prospect in many fields, 
including solid polymer electrolytes, anode materials, diaphragms and so on. This review discusses the main 
synthesis routes, modifications for a variety of functions, as well as template precipitation self-assembly poly
merization. Among them, template-induced precipitation self-assembly is an outstanding strategy for poly
phosphazene to form nanospheres, nanosheets, and nanotubes. Solid state lithium batteries are promising energy 
storage candidates, but the Li+ conductivity of the commonly used PEO electrolytes is limited to 10− 6 S⋅cm− 1 at 
room temperature. Polyphosphazenes-based electrolytes with an ether oxygen side tend to possess better ionic 
conductivity and are flame retardant. The polyphosphazenes organic polymer is also an attractive carbon ma
terial precursor and a good choice for anode electrodes. After high-temperature carbonization, N, P heteroatoms 
doped in-situ on the carbon matrix can change carbon neutrality and endow charged sites, further improving the 
lithium storage ability. In addition, polyphosphazene has potential for use on the diaphragm and other battery 
systems.   

1. Introduction 

Allcock et al. successfully synthesized soluble linear poly
phosphazenes in 1965 and promoted the subsequent development of a 
variety of polyphosphazenes in the following decades [1]. In contrast to 
other hybrid polymers, polyphosphazenes have a modifiable inorganic 
polymer backbone structure to confer wide-ranging properties, because 
the constituent P and N atoms exhibit a unique conjunction of electrons 
to allow for varying side groups. The stability of the main chain and the 
easy adjustment of the side groups enable polyphosphazene materials to 
readily carry out various functional designs by changing the structure 
and grafting different functional groups. Therefore, polyphosphazene 
plays unique and advantageous roles in different applications and fields, 
as demonstrated by various studies. For example, polyphosphazene ex
hibits excellent performance as flame-retardant additives. Also, its su
perior biocompatibility has attracted more and more attention in the 

biomedical field, and its P and N doping characteristics have been used 
to improve the energy density of energy storage systems [2,3]. Unsur
prisingly, polyphosphazene has been gaining attention as a promising 
material suitable for wide-ranging applications. 

Lithium-ion batteries (LIBs) are recognized as one of the most effi
cient clean energy storage devices. Solid polymer electrolytes (SPEs) 
have been a promising research direction to eliminate thermal insta
bility by replacing liquid electrolytes, as well as to enhance energy 
density and power density further [4]. Allcock et al. were the first group 
to confirm that the polyphosphazenes are very suitable as solid elec
trolytes, possessing advantages such as low glass transition temperature 
(Tg), a flexible and stable molecular structure to facilitate chemistry 
modification, etc. By nucleophilic substitution of ether sodium salt, the 
first-generation polyphosphazene electrolyte poly (bis (2-(2-methoxy 
ethoxy)-ethoxy) phosphonitrile (MEEP) was created, whose ionic con
ductivity was 2–3 orders of magnitude higher than that of poly 
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(ethylene) oxide (PEO) [5–7]. However, the ionic conductivity of the 
polyphosphazene solid electrolyte is still lower than that of traditional 
liquid electrolyte at room temperature, which makes it deficient for 
practical needs. Additionally, because the molecular chain of MEEP 
material is flexible, it is challenging to create a film with a stable size. 
This is a key problem needed to be solved urgently in polyphosphazene 
solid electrolyte at present. 

The anode electrode is another important component of LIBs. 
Graphite, the common anode material, has remarkable cycling stability 
but a mere specific capacity of 372mAh/g, which restricts large-current 
and high-rate applications of LIBs. Dopants such as N, P and S have been 
proven to improve the lithium-embedded capacity of carbon materials 
[8,9]. Wu [8] used hexachlorocyclophosphazene (HCCP) as dopants in 
(graphene oxide) GO to improve the charge-discharge performance and 
showed that the capacity reached 1002mAh/g at the current density of 
100 mAg− 1. However, when the N atom concentration exceeded a 
certain threshold, the continuous graphene structure was found to be 
damaged by N atoms, leading to significant drop in the conjugated 
electron cloud density, which affects the electrical conductivity of the 
anode material. In addition, polyphosphazene is also used as a binder for 
negative electrode particles to improve the structural changes during 
cycling. Si anode is considered a promising anode material for lithium- 
ion batteries because of its high theoretical capacity and low discharge 
potential. However, its disadvantage is also well-acknowledged, in that 
the Si anode undergoes a large volume change during the cycle. In order 
to restrain the volume expansion, Hong et al. used NH3-neutralized poly 
[bis (4-carboxyphenoxy) phosphine] (PCPP-NH3) and poly(ethylene 
glycol) bisamine (PEG-NH3) to prepare a polyphosphazene-based poly
mer material, and used it as a binder for the Si anode. The cross-linking 
structure of the binder, and the hydrogen bond between poly
phosphazene and Si surface, better limit the volume change of Si anode 
during the cycle, and improve the performance of the Si anode [10]. 

Polyphosphazenes have flexible morphology and structure regula
tion in the micro-nanometer construction process. The polyphosphazene 
precursor, in particular HCCP, copolymerizing with for example 4,4- 
metonyl biphenol and 4,4-diamnophenyl-ether can introduce extra O 
and S heteroatoms. The nano-morphology of the polyphosphazenes is 
rather sensitive to solvents and temperatures, and can be transformed 
among nanospheres, nanotubes and so forth [11]. After being subjected 
to high temperatures, polyphosphazenes carbon materials with distinc
tive morphology, small size, and macroscopic quantum tunneling effects 
make excellent anode materials, aiding in the diffusion and arcing of 
lithium. 

As an indispensable part of the lithium-ion battery, the separator 
plays a role in isolating the positive electrode from the negative one and 
only allows ions to pass through, thus preventing the battery from short- 
circuiting. To circumvent the problem of the traditional separator with 
respect to low affinity for electrolyte, nanoparticles have been shown to 
improve the poor electrolyte wettability of the separator because of their 
high hydrophilicity and large specific surface area. Xiao et al. [12] 
designed an in-situ limited polymerization technique with controllable 
size and distribution, in which HCCP and (4–4′-dihydrox
ydiphenylsulfone) BPS are used as comonomers, and highly crosslinked 
PZS microspheres (PZSMS) are uniformly loaded on vinylidene fluoride 
(PVDF) fibers. Compared with commercial (polyethylene) PE dia
phragm, the resulting composite diaphragm was demonstrated to be a 
better lithium-ion battery separator with higher capacity retention and 
cycle stability, and excellent flame-retardant properties unique to PZS. 

At present, there are few reports about polyphosphazene in the field 
of lithium-ion batteries. In view of the significant promise of this ma
terial in this field, a review is timely, which motivated the current work. 
Rothemund et al. reviewed the structure and synthesis of poly
phosphazene in 2016 [11]. Zhou et al. reviewed the application of 
polyphosphazenes in the energy applications in 2023 [13]. In the cur
rent review, we comprehensively present the application of poly
phosphazene materials in lithium-ion batteries, from micro- to macro- 

scale aspects, from design to synthesis, and from mechanism to appli
cation. Specifically, this is targeted at presenting and discussing the 
synthesis pathways, structure properties, morphology control and 
numerous electrochemical applications of polyphosphazenes (Fig. 1). 

2. Structure and characteristics of polyphosphazenes 

2.1. Electronic structure of polyphosphazenes 

The general chemical structure of polyphosphazenes is shown in 
Fig. 2 [6]. In addition to the σ bond between N and P, there are also four 
remaining electrons in each P––N monomeric unit, one of which is on 
the P atom’s 3d orbital and another on the N atom’s 2p orbital hybrid to 
form a symmetric dp-pp conjugate double bond. So the main chain of 
polyphosphazenes is relatively stable, and distinguished from the gen
eral carbon-chain polymers with the conjugated “island” π bonding [11]. 
Because there is no interaction between π bonds, the rotation of the P–N 
bonds is not hindered, and the d orbitals of the P atom can be freely 
substituted during rotation, which explains why polyphosphazenes 
backbones have good flexibility and properties of electronic insulators. 
When connected with solvating side chains (typically ether chains), 
polyphosphazenes have a great deal of potential to develop into a 
promising solid polymer electrolyte because of these structural 
characteristics. 

The following features also need to be taken into account: (1) The 
P–N bond lengths are shorter than those expected for a single P–N 
bond. (2) Unless the side group or end group influences predominate, 
the bond lengths around a ring or along a short chain are similar or 
identical. (3) Six-membered rings have approximately the same stability 
as eight and higher-membered rings, even though some are planar and 
others puckered. (4) No electronic spectral absorptions from the skel
eton are detectable throughout the visible region or at a wavelength 
above 220 nm in the ultraviolet, and the spectra are similar irrespective 
of the ring size or chain length. (5) If electron-supplying side groups are 
present, the skeletal nitrogen atoms are markedly basic and can coor
dinate with protons or transition metals. (6) X-ray photoelectron spec
troscopy results show that core binding energies are relatively 
insensitive to side groups and ring size. (7) Polarographic reduction and 
electron spin resonance has shown that in linear polyphosphazenes only 
a very low barrier exists to torsion of the phosphorous‑nitrogen bonds. 

All these indicate that the skeletal bonding structure in poly
phosphazenes is quite different from the situation found in electron-rich 
organic compounds. In other words, these compounds are neither un
saturated in the sense of nonconjugated olefinic organic species, nor 
aromatic like benzene. In fact, they represent a highly unusual form of 
bonding that is unique in chemistry. 

2.2. Synthesis routes and structure design of phosphazenes 

The general synthesis routes of the phosphazene macromolecule are 
presented in Fig. 3, resulting structurally in linear polyphosphazenes, 
cyclic polyphosphazenes and cyclolinear polyphosphazenes [8,9], or 
categorized as poly (alkyl) phosphazenes and poly (aryl) phosphazenes 
according to the state of -P=N- [11]. The study of polyphosphazenes can 
be traced back to the 1960s when the successful preparation of soluble 
linear [NPCl2] n (polydichlorophosphonitrile, PDCP) by Allcock and 
Kugel [1] was reported. PDCP is one of the most significant basic ma
terials known as ‘inorganic rubbers’. The synthesis routes of PDCP can 
be ring-opening polymerization [1], catalytic solution polymerization 
[14], a simply one-pot method [15], and controllable living cationic 
polymerization [16]. 

Ring-opening polymerization at high temperatures is one of the most 
common routes to synthesizing the PDCP. The mechanism is such that 
chlorine atoms are cleaved at high temperatures from HCCP, which is a 
six-membered ring alternately connected by P, N single and double 
bonds [1]. However, the molecular weight of the resulting product is 
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relatively high and with broad polydispersity, which is due to the un
controlled Cl cleavage rate under the high reaction temperature that is 
essential to ring-opening polymerization. Accordingly, catalysts have 
been used to lower the reaction temperature without negatively 
affecting the reaction rate. Lewis-acids such as AlCl3 and BCl3 are a kind 
of efficient catalyst to moderate the Cl cleavage rate and reduce the 
required temperature. 

A simple one-pot route has been developed in the presence of HSO3 
(NH2) as a catalyst and CaSO4⋅2H2O as a promoter. Considering that 
[N3P3Cl6] is also prepared from the reaction of PCl5 and NH4Cl, linear 
PDCP can be directly synthesized from NH4Cl and PCl5 as monomers 
[15]. The one-pot method can not only prepare PDCP, but also prepare 
functionalized linear polyphosphazenes with OR groups replacing Cl. 
Rhili et al. used hexachlorocyclotriphosphazene and p-phenylenedi
amine as comonomers, and in the presence of triethylamine, highly 
crosslinked hybrid cyclotriphosphazene microspheres were prepared by 
the one-pot method to enhance the flame retardancy of epoxy resin [17]. 

Mehmood et al. synthesized cross-linked poly (cyclotriphosphazene-co- 
hesperetin) (PCTPP) microspheres by the reaction of hexa
chlorocyclotriphosphazene (HCCP) and hesperidin (HSP), and used 
them as drug carriers [18]. Also, under the action of accelerant and 
catalyst, the catalytic solution polymerization method, which is 
different from the one-pot method, involves ring-opening polymeriza
tion from [N3P3Cl6] in solvent 1,2,4-trichlorobenzene. The PDCP pre
pared by this method is not branched, and its yield is about 30 %. 

Cationic active polymerization has a long history of being an effec
tive synthesis method. It was found that Trichlorophosphoranimine 
(Cl3PNSiMe3) can be carried out as the monomer instead of HCCP, 
allowing good control of the polymerization of PDCP [19]. As shown in 
Fig. 4(a2), in the presence of initiator PCl5, Cl3P=NSiMe3 forms a 
cationic species [Cl3PNPCl3]+PCl6− accompanying the loss of side 
product [Cl3SiMe3]+. Furthermore, monomer Cl3PNSiMe3 can be poly
merized by this cationic species to produce polymer chains with a 
‘living’ cationic end group. The final polymer products with the ex
pected molecular weight and extremely narrow molecular weight dis
tribution are made possible by the living polymerization mechanism. 

Under mild experimental conditions, there are numerous other ways 
to make PDCP, but long-chain PDCP alone is insufficient for practical 
application. By replacing the Cl atom with nucleophilic moieties that 
have one or more nucleophilic sites, functional groups can be added to 
the side chains of polyphosphazenes, taking advantage of the high 
chemical activity of Cl on the P atoms. This results in the formation of 
inorganic-organic hybrid polymers [11]. 

Some common substitution routes are shown in Fig. 4(b). These 
nucleophilic moieties include alkoxides, aryloxides, amines, fluo
roalkoxy, etc. It is this flexible selection of side groups that gives easy 
access to freshly prepared precursor PDCP, which acts as a source for 
numerous differently functionalized proteins shown in Fig. 5. Re
searchers have been very interested in these highly versatile materials, 
whose properties can be varied from plastic to rubber, from insulator to 
electrolyte, and from water-solubility to water stability, leading to uses 
in a variety of fields including biomedicine [20], flame retardant ma
terials [21], energy materials [22], and others [23,24]. 

There are several specific examples of functional phosphazenes 
modified by different substitutions and their applications in different 
fields. A representative antioxidant polyphosphazene is shown in Fig. 4 

Fig. 1. General fabrication routes leading to various applications of polyphosphazenes.  

Fig. 2. (a) Chain structures and (b) electronic orbit of polyphosphazene de
rivatives. (c) In-plane and (d) out-of-plane pi-bonding between phosphorus 3d- 
orbitals and nitrogen 2pz-orbitals. 
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(c1). Specifically, leveraging the ferulic acid units to provide antioxidant 
character and ethyl esters of amino acids to increase the hydrophobicity, 
the antioxidant polyphosphazene prepared was an excellent scaffold 
material for tissue engineering [25,26]. Because linear polyphosphazene 
has good biocompatibility and can break down in the body into non- 
toxic phosphoric acid small molecules [20], it is ideally suited to serve 
as the basis for active pharmaceutical ingredients. Qiu grafted diiso
propylamino and PEG segments onto the PDCP backbone to obtain pH- 
responsive amphiphilic polyphosphazenes (Fig. 4(c2)), in which diiso
propylamino reversed drug resistance [27]. Mayer-Gall grafted allyl 
alcohol onto PDCP via sodium allyl alcohol (Fig. 4(c3)) to synthesize 
poly (allyl) phosphazenes, which were then blended onto cotton or 
polyester fibers [28]. The modified fabrics showed good flame retard
ancy and high limiting oxygen indices due to the high content of phos
phorus and nitrogen in polyphosphazenes [29]. Allcock et al. substituted 
polyphosphazene with 2-(2- methoxyethoxy) ethoxy and lithium sulfo
nimide, and demonstrated superior high ionic conductivity, which was 
attributed to the contribution of 2-(2- methoxyethoxy) ethoxy to cation 
transport and the increase of lithium sulfonimide to charge carrier 
concentration. When used in energy storage, this not only meets the 
requirements for ionic conductivity, but is also safe [6]. 

Although many modifications can be made to obtain useful phos
phazenes, almost all of them are random polymers because substitutions 
are likely to be non-selective and thus it is difficult to prepare ordered 
block polymers. And it is difficult to ensure the complete replacement of 
Cl atoms due to the steric hindrance and polar strength of the sub
stituents, which is especially obvious in the mixed substitutions process. 
Also, undesired phenomena can occur for multi-functional groups 
polymers, whereby the already attached side chain R1 is replaced by R2. 
For ordered block copolymers of phosphazenes, the cationic active 
species [Cl3PNPCl3]+ PCl6− initiating active polymerization is consid
ered one of the best preparation ways. 

As shown in Fig. 4(d), by using unmodified or modified R3PNSiMe3 
as a monomer and polymerizing it with the cationic [Ph3PNPCl3]+ X6− , 

it is convenient to prepare an ordered block copolymer. The key to this 
polymerization is grafting the desired groups onto the Cl3PNSiMe3 as 
functional monomers that are able to maintain [Ph3PNPCl3]+ X6−

chemical activity. In addition, block copolymers combining a poly
phosphazene segment with a second polymer segment can also be syn
thesized. Weikel et al. attached Br (CF3CH2O)2PNSiMe3 to the amino- 
polylactide terminus accompanying a small HBr molecule stripped off 
and then obtained a second polymer block (Fig. 4(e) - product 1) [30], 
which was used to respond to cationic active centers that already con
tained the phosphine nitrile fragment (Fig. 4(e)- product 2), thereby 
prepared polylactide–poly(dichloro-phosphazene) block copolymers 
(Fig. 4(e)- product 3). The prepared backbone includes polylactic acid 
organic block, which aids in hydrolysis, in addition to providing the 
phosphine nitrile inorganic block with a firm structure. 

The controlled polymerization craft allows the synthesis of poly
phosphazenes with more complex architectures. The active end-group 
like amine-capped -[N=PCl2]- is a better option when considering the 
restriction of incomplete substitution of long-chain phosphazenes 
because it is grafted on the backbone of other alkanes to form densely 
grafted molecular brushes. Another benefit is the length and function
alization modification of branched phosphazenes can be designed and 
adjusted in advance. In addition, 1,1,1-tris (diphenylphosphino) 
methane could be used as an excellent multifunctional core for the 
parallel growth of star polyphosphazene, as shown in Fig. 4(f) [31]. Tris 
(diphenylphosphino) methane could be completely ionized by the 
chlorophenomeric agent C2Cl6, which would then produce [RPh2PCl]+

living cationic species with Cl counter ions. Just like the cationic active 
polymerization mentioned before, the three active chains initiate 
Cl3PNSi (CH3)3 monomers to bind together to form the star-like polymer, 
and the [N=PCl2] attached can be further nucleophilically replaced, 
finally synthesizing the dendrimers macromolecular. These block co
polymers [32], star polymers [33], comb polymers [34], and spiral 
polymers [11] developed in recent years have been noted for their 
special molecular structures, which not only contain the inherent 

Fig. 3. General synthesis schemes of polyphosphazenes by SN2 nucleophilic substitution mechanism.  
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characteristics of organic-inorganic hybrids but also deliver interesting 
application potential with the amphiphilic function that can self- 
assemble to form micelles and aggregate. 

Due to the abundance of P–Cl bonds, HCCP is also a very significant 
raw material in addition to PDCP, particularly for the cyclic poly
phosphazenes whose reaction mechanism is based on precipitation 
polycondensation. For insoluble polyphosphazene nanoproducts made 
from HCCP and other multi-functional nucleophiles, such precipitation 
polycondensation is a notable in-situ polymer method [35]. 

During the process, an acid acceptor like triethylamine (TEA) is 
required to absorb the byproduct hydrogen chloride (HCl) lost from 
HCCP, thereby promoting the reaction. It is worth to note that a 
byproduct of the reaction called molecular triethylamine hydrochloride 

(TEACl) can act as a template to affect the final morphology of highly 
crosslinked polyphosphazenes [36]. Cyclomatic polyphosphazenes 
prepared through in-situ precipitation polycondensation express unex
pected sensitivity to the morphology control via changing the induced 
template [9]. Tang prepared polyphosphazenes with different 
morphology including hollow nanotube [35], nanofiber [37], and 
nanospheres [38] by changing the solvent and temperature factors 
(Fig. 6(a)–(d)). The nanostructure endows polyphosphazenes with a 
high specific surface area and a large number of active sites. The surface 
effect and quantum size effect of nanomaterials have important research 
value in the fields of electrocatalysis, biomedicine [20,39] photothermal 
[40,41] flame retardant [42], and proton exchange membrane [9]. 

Polyphosphazenes are a sort of heteroatomic co-doped matrix. Lone 

Fig. 4. (a1) Thermal and/or catalytic induced ring-opening polymerization of PDCP. (a2) The living cationic polymerization of PDCP [11]. (b) The most common 
method to substitute polyphosphazene from reactive precursor PDCP [11]. Several specific examples of functional phosphazenes modified by different substitutions: 
(c1) the antioxidant polyphosphazenes and (c2) PH-responsive amphiphilic polyphosphazenes and (c3) poly (allyl) phosphazene for modifying fabric [25,27,29]. 
Copyright 2012, American Chemical Society. (d) Synthesis of poly (dichlorophosphazene) and poly (alkyl/aryl) phosphazene block copolymers [11]. Copyright 2016, 
American Chemical Society. (e) Synthesis route of polylactide–alanine substituted polyphosphazene block copolymer [30]. Copyright 2010, Royal Soc Chemistry. (f) 
Synthesis of three-arm stars-liked polyphosphazenes [31]. Copyright 2016, Wiley-Vch. 
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pairs of electrons in N are beneficial to coordinate metal ions. Wang 
et al. [43] reduced AgNO3 in situ on the surface of polyphosphazenes 
nanotubes to obtain PZS@Ag nanoparticle composites, as shown in 
Fig. 6(g), and the TEM images clearly show anchored Ag nanoparticles 
evenly distributed on the surface of PZS nanotubes can contribute to 
improving the catalytic activity. 

In summary, polyphosphazene is a kind of inorganic-organic hybrid 
polymer with P––N as the skeleton. The stable dP-pP conjugate formed 
between N and P atoms ensures the stability of the main chain, and the 
substitutable Cl atoms in its side groups makes it extremely adjustable. 
Various preparation methods, different functional designs and different 
forms of polyphosphazene materials have aroused remarkable academic 
interest, resulting in the development of many such materials with 
different characteristics and applications, spanning both hydrophobic 
and water-soluble materials, and applications ranging from flame 
retardant to biological to energy storage. 

3. The application of polyphosphazenes in lithium batteries 

In the past few decades, new energy applications have received 
significant attention. When compared to other battery systems, lithium- 
ion batteries (LIBs) stand out as highly efficient electricity-producing 
tools that can meet the demands of high energy density, excellent rate 
performance, long cycle life, and relatively low cost. However, several 
drawbacks, including liquid leak, inflammable and explosive hazard of 
traditional electrolytes, as well as inadequate capacity of electrode 
material, hamper further widespread use. In order to overcome these 
difficulties and enhance the overall performance, a significant amount of 
literature related to polyphosphazenes have emanated, mainly in solid 
polymer electrolytes, anode material and diaphragms. 

3.1. Solid polymer electrolyte 

Liquid electrolytes, such as ethylene carbonate (EC), diethyl car
bonate (DEC), etc., are popular for beneficial characteristics including 

(i) excellent solubility of high concentration lithium salt (up to 1.0 M); 
(ii) good conductivity at room temperature (higher than 10− 3 S⋅cm− 1; 
(iii) low viscosity and low melting point [44,45]. Unfortunately, there 
are also downsides to liquids, such as leakage, flammability and 
requiring bulky enclosures. In contrast, solid polymer electrolytes (SPEs) 
have superior safety performance, are lightweight, are more portable, 
have film-processing properties and have excellent interface contact 
[46]. 

SPEs are mixtures generally consisting of polymer matrix and soluble 
inorganic lithium salts LiX (where X = I, Cl, Br, ClO4, CF3SO3, BF4, AsF6, 
etc.) [48], serving both as the separator to prevent the electrodes from 
shorting contact and as the significant ion conductor. It is worth 
mentioning that SPEs have a lower value of relative permittivity than 
polar liquid electrolytes when used in lithium batteries. The ion trans
port mechanism of SPEs is closely relative to polar groups such as –O–, 
=O, –S–, –N–, –P–, C––O, C–––N mainly on the polymer side chain 
[26]. Take the polyphosphazenes as an example, the coordination and 
discoordination processes between the migrating lithium cation and 
oxygen atoms occur constantly through the movement of molecular 
chain segments, thereby assisting the intra-chain and inter-chain diffu
sion of lithium ions as demonstrated in Fig. 7(b). 

The tricky part is that this ion migration mechanism requires a 
considerable amount of cation transference number derived from 
lithium salt whereas the anions remain loosely associated in the vicinity, 
giving rise to lower Li+ mobility and transference number [47,49]. 
Therefore, single charged highly symmetric anions with low basicity as 
well as larger volume are preferred (Fig. 7(a)), which can delocalize 
even better and reduce the interference of anion. Moreover, some 
studies supposed that the N atoms on the backbone of polyphosphazene 
also have the analogous coordination effect like Li+/O or are even 
stronger via forming a “pocket” structure as depicted in Fig. 7(c) [4,50]. 
There have been attempts to utilize density functional theory (DFT) and 
classical molecular dynamics (MD) simulations to investigate this ion 
transportation mechanism in terms of the bis (2-(2′-methoxyl)) phos
phazene (MP) dissolving LiBF4 as the research object [50]. The radial 

Fig. 5. Functionalization of polyphosphazene materials.  
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Fig. 6. SEM images of (a,b) nanospheres and (c, d) nanotubes of polyphosphazenes. TEM images of (e, f) PZS@Ag nanoparticle composites. (g) synthesis route of the 
PZS@Ag NPs [43]. 
Copyright 2013, Royal Soc Chemistry. 
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distribution function gAB (r) is defined as the ratio of the real number of 
atoms B to the ideal number within a sphere of radius r around atom A. 
In other words, the higher the value of gAB (r) is, the more B atoms that 
may exist near atom A, and thus the stronger the interaction between 
them. As shown in Fig. 7(d), the first peak of gNLi (r) is much higher 
than that of gOLi within r < 2.5 Å and the ratio of the two peaks is about 
2, indicating the closest neighbor N atoms more strongly interact with Li 
+ than with ether O atoms. Moreover, the stronger interaction of Li+/N 
was also found to not only promote the dissociation of ion pairs (Li+BF4

− ) 
but also enhance the probability of inter-chain hopping of Li+ ions [51]. 

For the wide variety of polymer electrolytes involved, it is difficult to 
use a universal physical formula to describe their structure and con
ductivity [54]. Currently, commonly used models include Arrhenius and 
Vogel-Tammann-Fulcher (VTF) [52]. 

The Arrhenius equation is usually used to explain the effect of the 
chain movement of amorphous polymers on ion-migration: 

σ = σ0e− Ka
kT (1)  

whereby the pre-exponential factor σ0 is related to the carrier, and the 
linear least square fitting of the σ-Τ− 1 figure can be used to calculate the 
ion conductance activation energy Еa. The smaller the Еa value is, the 
more active the ions, and thus the better the conductivity. 

Different from the Arrhenius formula, the VTF equation describes the 

ionic movement behavior above Tg more specifically 

σ = σ0T − 1
2e− B

T − To (2)  

where B represents the activation energy of electrical conductivity and 
To is the reference temperature of Tg - 50 K [4]. 

Since the first report of poly (ethylene oxide) (PEO) alkali metal salt 
complexes as polymer electrolytes by Fenton et al. in 1973 [53], PEO’s 
low Tg and high flexibility at room temperature have made polymer 
electrolytes a popular choice among solid electrolytes [54]. Li+ can form 
a strong dipole interaction with the etheroxy group on the chain and 
move through the ethylene oxide (EO) chain in the amorphous region to 
conduct ion diffusion [55]. But the conductivity of PEO is only 
10− 6–10− 8 S⋅cm− 1 at ambient temperature [46], and its oxidation 
limited potential is only 3.8 V, which cannot match with high voltage 
window cathode materials like LiCoO2. 

Because bonding angles of the inorganic backbones − P=N− are less 
restricted without long-range conjugate effect as compared to carbon- 
based chains, polyphosphazenes have thermal stability and good 
compatibility with no electrochemical reaction. The molecular main 
chain of polyphosphazenes has excellent high elasticity and a low glass 
transition temperature (− 90 ~ − 50 ◦C), giving segmental mobility at 
room temperature or lower temperatures [43]. The above advantages 
make polyphosphazenes promising as polymer electrolyte matrices. But 

Fig. 7. (a) Lithium salts commonly used in polymer electrolytes [47]. Copyright 2013, ROYAL SOC CHEMISTRY. (b) Schematic of the segmental motion-assisted 
diffusion of Li+ [50]. (c) Coordination of Li+ with N and O atoms in ‘pocket’ structure [50]. (d) The Radial distribution functions from MD simulations of the 
MP-LiBF4 system at 400 K [50]. Copyright 2005, Elsevier. (e) The ionic conductivities of MEEP with LiTFSI and LiTf, respectively [47]. Copyright 2013, Royal Soc 
Chemistry. (f) Arrhenius diagram of ionic conductivity of polymer electrolyte PSTFSI varying with temperature [48]. Copyright 2011, Elsevier. The molecular 
structures of polyphosphazenes (g1) with 2-(2-methoxyethoxy) ethoxy and lithium sulfonimide substituent and (g2) with 2-(2-methoxyethoxy) ethoxy and phenoxy 
side substituent [7]. Copyright 2011, Elsevier. 
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the polyphosphazenes must still meet the following necessary conditions 
as the supporting framework of electrolyte and ion transfer medium: (i) 
the conductivity of Li+ at room temperature is close to 10− 4 S⋅cm− 1; (ii) 
high lithium ion mobility, with the Li+ migration number as close to 1 as 
possible; (iii) high chemical and thermal stability; (iv) stable mechanical 
strength; and (v) compatibility with electrode materials, environmental 
benign and non-toxic [4,44]. 

Allcock et al. first made a preliminary study on polyphosphazenes as 
solid polymer electrolytes [5]. They used 2-methoxy ethanol, 2-methoxy 
ethoxy ethanol and other kinds of alcoholic sodium salt to replace active 
chlorine atoms, thereby synthesizing polyphosphazenes with an ether 
oxygen (EO) group on the side chain. In the same LiBF4 electrolyte 
system, the simulated diffusion rate of etheroxy polyphosphazenes could 
reach 1.5 × 10− 5 cm2⋅s− 1, slightly higher than PEO (Table 1) [50]. As 
mentioned earlier about the lithium-ion migration mechanism in the 
polyphosphazenes backbone, the high segmental mobility of the back
bone and its flexibility helps polyphosphazenes possess better ionic 
conductivity than PEO. But dissolving the lithium salts still depends on 
the ether oxygen side chain. Poly (bis (2-(2-methoxy ethoxy) -ethoxy) 
phosphonitrile (MEEP) with ether oxygen side chain is one of the most 
fundamental polymer electrolytes via completely nucleophilic substi
tution by diethylene glycol monomethyl ether sodium salt. The flexible 
–[PR2 = N]– group kept MEEP in amorphous state over a wide range of 
low temperatures, resulting in MEEP being a transparent highly viscous 
liquid. Compared with carbonic polymers, the torsion barrier of the 
MEEP backbone chain is much lower. The ionic conductivity of MEEP is 
10− 5 S⋅cm− 1, 2–3 orders of magnitude higher than PEO (Table 1). In 
addition, the inherent thermal stability and flame retardancy of MEEP is 
also required for the LIBs system [40,56]. 

In addition, compounding polyphosphazene with PEO is also a 
promising method to explore new polymer electrolytes. Zhang et al. 
introduced organic–organic hybrid poly (Cyclophosphazene-Co-4,4- 
sulfoyldiphenol) (PZS) microspheres with active hydroxyl groups into 
polyethylene oxide (PEO), resulting in a new polymer electrolyte (CPE). 
The experimental results show that the polyphosphazene microspheres 
can effectively improve the ionic conductivity of PEO-based electrolyte 
[57]. 

3.2. Enhancing physical and chemical properties 

For several decades, numerous researchers have worked towards 
improving the physical and chemical properties of polyphosphazenes 
electrolytes, including the choice and use of lithium salt, copolymeri
zation/crosslinking, single ion conductive polymer electrolyte, the 
addition of plasticizer and filler, etc. In the following, these types of 
research will be explored and the different factors influencing the ionic 
conductivity will be analyzed.  

(i.) Selection of lithium salt 

Based on the cationic active polymerization of linear poly
phosphazenes supported by Manner [58], Paulsdorf prepared MEEP/ 
LiCF3SO3 homogeneous polymer electrolyte with different lithium salt 
content [59]. Merely by 5 % lithium salt addition, the ionic conductivity 
was enhanced by 50 % at room temperature to 10− 5 Scm− 1 without 
significant Tg change. The type of lithium salts selected influences the 
phosphonate markedly. Comparing LiTFSI and LiTf (Fig. 7(a)) in the 
same MEEP system, Fig. 7(e) shows that LiTf gave almost an order of 

magnitude of lower conductivities as compared to LiTFSI, as the high 
dissociation degree of LiTFSI is more helpful to the freedom and 
migration of lithium ions.  

(ii.) Single-ion polymer electrolytes 

Apart from the lithium salt types, the combination methods of 
lithium salt on the polymer electrolyte as well as the additive amount are 
important factors. Most of the polymer electrolytes reported so far are 
double ionic conductors, and both cations and anions can move freely. 
The coordination between lithium cations and polar atoms, mainly EO in 
the polymer chain, leads to faster and easier migration of anions, 
resulting in a lower actual migration number of lithium ions (<0.5). The 
migration of anions not only causes corrosion and degradation of the 
electrode surface but also causes self-discharge. In order to reduce the 
migration of anions, the single-ion polymer electrolyte system was 
developed by tethering the anionic covalent onto the rigid polymer 
chain. A single-ion polymer electrolyte PSTFSI has been synthesized 
with polystyrene backbone and − SO2N − SO2CF3− grafted group [48]. 
Interestingly, its ionic conductivity is almost 10− 5 Scm− 1 above 60 ◦C 
but only 7.94 × 10− 7 Scm− 1 at ambient temperature, as shown in Fig. 7 
(f), which is far below that needed for practical use in LIBs. This is 
mainly attributed to the insufficient dissociation of Li+. 

In addition, Allcock has tried covalently linking the arylsulfonimide 
substituent to the backbone of polyphosphazenes to form single-ion 
polymer electrolytes and explored the effect of arylsulfonimide con
tent on polymer electrolyte properties. The molecular structures are 
shown in Fig. 7(g1, g2), with the immobilized arylsulfonimide lithium 
salt acting as the source of lithium cations. It was found that ionic 
conductivities at 25 ◦C declined as the immobilized arylsulfonimide 
lithium increased (Table 2). Besides, the polyphosphazene with a phe
noxy substituent was also synthesized and combined with the same 
dissolved salt LiTFSI but unbound forming non-single-ion polymer 
electrolytes, which could be used to compare with the former single-ion 
polymer electrolytes system. It was affirmed that non-single-ion polymer 
electrolytes have better ion conductivity of about an order of magnitude 
higher at 25 ◦C due to increased macromolecular motion associated with 
the less bulky phenoxy substituents. Comparatively, the increase of 
arylsulfonimide lithium substitution content in the single ion polymer 
system, and the increase of LiTFSI in the non-single-ion polymer system, 
were such that the ionic conductivities both express a mainly declining 
trend. The former was attributed to the restricted macromolecular 
movement and possible shielding of nitrogen atoms, but the latter was 
more due to the instant cross-linking state of Li+ with EO confining 
lithium cation transferring [7]. The coordination structure formed by 
polar groups EO and Li+ is subjected to competition between the sol
vation and the lattice energy of inorganic salts. Low lattice energy is 
conducive to the stability of the coordination structure. This is also 
evident from Table 2 and 3, showing that lower Tg and smaller Ea are 
related to a higher ion conductivity. Clearly, the correct lithium salt 
type, combination nature and the appropriate amount of lithium salt are 
important for obtaining better performance (Table 3). 

Besides the lithium salt factor, the ether oxygen side chain also has a 
significant effect on lithium cation migration. Theoretically, ether oxy
gen side chains provide the polarity sites of EO that are directly related 

Table 1 
Comparison of simulated diffusion rate and ionic conductivity between MEEP 
and PEO.   

Simulated diffusion rate (cm2S− 1) Ionic conductivity (Scm− 1) 

MEEP 10− 5 10− 5 

PEO 10− 7 10− 6–10− 8  

Table 2 
The relationship between aryl sulfonyimide content and Tg, Ea, and ionic con
ductivity [7].  

Lithium sulfonimide 
(%) 

Tg 
(◦C) 

Ea 
(kJ/mol) 

σ at 25 ◦C 
(10− 5 S⋅cm− 1) 

σ at 80 ◦C 
(10− 5 S⋅cm− 1)  

5  − 64  5.3 0.25 ± 1.2 %  2.8  
9  − 45  7.5 0.11 ± 0.6 %  3.5  
19  − 31  9.2 0.075 ± 0.4 %  5.0  
22  − 16  13.6 0.011 ± 0.1 %  2.2  
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to the solubility of lithium salt. A larger number of EO results in a 
stronger solvating capability and more migrated lithium cations. But a 
higher EO concentration ratio does not always mean improved con
ductivity or a higher cation migration number. Cations attached evenly 
with EO groups at a Li+: EO concentration ratio of 1:8 but aggregated 
tightly at 1:4. It is the aggregation of ion pairs that limits the free 
movement of cations, which lowers the maximum ionic conductivity of 
the polymer electrolyte. Comparing the long-branch chain substituted 
JAPP [60] with the short-branch chain substituted PBMP [61] at the 
same lithium salt condition, it was found that the ionic conductivity of 
JAPP-based SPEs was rather close to that of the BMP-based ones at room 
temperature instead of the prediction that JAPP-based would be supe
rior to BMP-based SPEs as shown in Fig. 8(a1, a2). This was ascribed to 
the flexibility of short branched chains enhancing polymer segment 
mobility and improving the intrachain/interchain transition of Li+ [62]. 
It is a reasonable guess that the appropriate length of the side group not 
only is supposed to contribute to the dissociation of lithium salt but also 
can increase the mechanical stability of the salt-in-polymer solutions 
without the need of chain entanglement or cross-linking. As a result, the 
pursuit of a long side chain to get more polarity sites in EO is not 
inadvisable but actually reduces ionic conductivity instead [47].  

(iii.) Copolymerization/cross-linking 

Mechanical stability is also an important factor in ensuring the salt- 
in-polyphosphazenes system works. As mentioned above, poly
phosphazene itself has excellent segment flexibility, but also requires a 
certain degree of structural stability and mechanical strength as the final 
salt-in-polymer electrolyte. How to find the balance between these two 
factors to achieve the best overall performance is the key question. 
Segmental activity refers to the movement and arrangement of different 
structural units in the molecular chain, while mechanical stability fo
cuses on the deformation and failure resistance of materials under 
external stress. In order to balance these two aspects, the molecular 
structure and chemical composition of polyphosphazene materials can 
be modified. For example, the segmental activity of polyphosphazene 
materials can be controlled by controlling the length of main chain, side 
chain structure and crosslinking degree of polyphosphazene molecules, 
which changes the mechanical properties of the materials. At the same 
time, the mechanical stability of polyphosphazene can be enhanced by 
introducing suitable additives to improve its resistance to external 
stress. Since the polymer structure has a significant effect on Tg and 
chain motion, the simple linear structure cannot meet the high me
chanical strength requirements of electrolytes. Polyphosphazenes with 
long branched chains or aromatic ring groups could provide the required 
mechanical strength through chain entanglement or stiff groups, 
respectively. Zhang comprehensively discussed and proposed that the 
improvement of mechanical properties comes at the cost of ion migra
tion [63]. Fig. 8(b) illustrates the strengthening order of the mechanical 
strength and electrical and thermal stability of the architecture of the 
different polymers (i.e., linear < comb-like < hyper-branched < cross
linked polymers), but the ionic conductivity shows the opposite trend. 
Among these, cross-linking is a good method to get the optimal balance 
between mechanical stability and segment flexibility. 

For a viscoelastic polymer such as MEEP with low Tg (− 80 ◦C), it 

must be cross-linked by chemical method, ultraviolet ray or radiation 
irradiation to provide sufficient mechanical strength. Allcock has syn
thesized via an attractive route to combine the firm sol-gel derived sil
icate network with MEEP, integrating the firmness of silicon and the 
flexibility of MEEP for SPES [64]. 

Tsao et al. took Poly [(2-(2-methoxyethoxy) ethoxy)-2-(phenoxy) 
ethoxy phosphonitrile] MEEPP as a template polymer and changed its 
crosslinking degree to regulate the movement ability of the polymer 
chain segment [65]. It was found that MEEPP with 6 % crosslinking 
degree had the best ionic conductivity, reaching 5.36 × 10− 5 S⋅cm− 1 at 
100 ◦C, as shown in Fig. 8(c, d). With the increase in cross-linking de
gree, better mechanical stability can be obtained, but the ionic con
ductivity of MEEPP significantly decreased because the movement of the 
chain segments is restricted. Besides, it was observed that MEEPP with 
18 % crosslinking extent had no oxidation reaction even though the 
voltage was close to 7.0 V, whereas MEEPP with 6 % crosslinking extent 
had already undergone an intensive electrochemical reaction at about 6 
V. This suggests that the electrochemical stability of cross-linked MEEPP 
strengthened with the increase of the degree of cross-linking.  

(iv.) Gel polymer electrolytes (GPEs) 

GPEs are formed by the polymer matrix with an electrolyte solution 
containing proper high-boiling solvents and/or plasticizers. It has been 
reported that the plasticizer can increase the amorphous region of SPEs, 
promoting the movement of chain segments and the dissociation of ion 
pairs, thus improving ionic conductivity [66]. However, the corrosion of 
the metal electrode and the reduction of film strength are problematic 
[44]. The most relevant problem is related to the high flammability and 
high vapor pressure of organic carbonates solvents, which may lead to 
hazardous explosions once they overheat. Common organic additives 
such as propylene carbonate (PC) are flammable due to their C, O and H 
element compositions, so non-flammable, non-volatile and highly 
conductive solvents play an irreplaceable role in GPEs [54]. 

With alkoxy phosphate as flame retardant plasticizer (P4, general 
formulation: O=P(OC2H4OCH3)2OCH3), the conductivity of the pre
pared MEEP-based GPE was as high as 9.9 × 10− 4 S⋅cm− 1 at 30 ◦C [56]. 
Table 4 lists studied compositions of such gels. The linear trendline of 
log (conductivity) versus 1000/T exhibits purely Arrhenius-type 
behavior, with higher conductivity accompanied by a larger propor
tion of P4, clearly indicating viscosity, glass transition temperature and 
electrical conductivity have a strong relationship with plasticizers.  

(v.) Organic/inorganic composite polymer electrolytes 

It was discovered as early as 1983 that adding some fillers to a 
polymer electrolyte can increase ionic conductivity by two orders of 
magnitude [4]. The filler can be divided into two types, namely, active 
filler and passive filler. The active filler (G-LiAlO2) can generate com
plex conductivity behavior. Whereas passive fillers such as Al2O3, SiO2, 
and TiO2 do not directly participate in the ion transport process, they 
play a role in reducing the crystallinity of the polymer matrix [48,62]. 

Kaskhedikar prepared poly [(bis (2-methoxyethyl) amino)1 − x (N- 
propylamino) x-phosphonitrile) (BMEAP) composite electrolyte mem
brane with homogeneous dispersion of nanometer Al2O3 (40 nm) [67]. 
It was found that the composite of Al2O3 nanoparticles enhanced the 
ionic conductivity by two orders of magnitude. The ionic conductivity at 
room temperature of 10− 5 S⋅cm− 1 is comparable to that of MEEP. 
Despite the volume of research work, the fundamental understanding 
has remained elusive. A hypothesis has been put forward that, by virtue 
of Lewis acid-base interactions with the filler surface, Li+ could hop 
more freely both on the surface of the nanoparticles and/or polymer 
phase interface. 

In summary, we need to consider the following key points when 
designing the salt-in-polyphosphazenes electrolytes system. Firstly, it is 
necessary for the ether oxygen side chain to be of appropriate length, 

Table 3 
The relationship between phenoxy content and Tg, Ea, and ionic conductivity 
[7].  

LiTFSI 
Mol 
(%) 

Tg (◦C) with no 
LiTFSI 

Tg (◦C) with 
LiTFSI 

Ea (kJ/ 
mol) 

σ at 25 ◦C 
(10− 5 

S⋅cm− 1)  

5  − 77  − 72  4.3 4.0 ± 1.3 %  
10  − 73  − 65  3.7 5.0 ± 1.6 %  
15  − 69  − 54  5.5 4.0 ± 1.3 %  
20  − 66  − 45  6.6 2.7 ± 0.7 %  
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which is a prerequisite condition for the dissociation of lithium salt, but 
too many ether oxygen atoms would instead make lithium cation inac
tive. Secondly, the choice and usage of lithium salt have to be consid
ered, noting that more polar lithium salts are more conducive to the 
mobility of lithium cations. Thirdly, crosslinking, solvents and/or plas
ticizers, organic/inorganic nanoparticles are all attractive modification 
choices that can improve the overall electrolyte performance of poly
phosphazenes. So far, no solid polymer electrolyte has been explored to 
efficiently transport lithium ions at commercially viable levels 

(conductivities - 10− 3 S⋅cm− 1 at 25 ◦C). Electrolyte optimization re
quires further attention to physicochemical, thermal (e.g., Tg, Tm, de
gree of crystallinity), chemical (e.g., stability, compatibility), and 
electrical (e.g., ion transport number, ionic conductivity) parameters. 

3.3. Anode materials 

The most commonly used anode material at present is the graphite 
electrode [68]. Unfortunately, the specific capacity of graphite is 

Fig. 8. Arrhenius plots for the conductivity of (a1) JAPP and (a2) PBMP with a variable amount of LiSO3CF3 [60,61]. Copyright 2006, Elsevier. Copyright 2008, 
American Chemical Society. (b) Effect of polymer structure type on electrolyte performance [63]. Copyright 2020, Multidisciplinary Digital Publishing Institute. (c) 
Ionic conductivity and (d) linear sweep voltammetry of MEEPP with different cross-linking extent at EO: Li+ = 24:1 [57]. Copyright 2016, Wiley. (e) Arrhenius 
diagram of different gel-electrolyte samples [56]. Copyright 2013, American Chemical Society. 
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relatively low (372mAh/g), and the diffusion rate of lithium between 
graphite layers is limited at between 10− 9 and 10− 7 cm2⋅s− 1, which 
restricts application in the field of high energy density [69]. The goal 
was that the energy density of new energy batteries reach 400 Wh/kg by 
2025 and 500 Wh/kg by 2030 [7]. To replace graphite and improve 
anode performance, many researchers have been looking for other ma
terials with high capacity, excellent rate performance and necessary 
security [70]. According to the performance and reaction mechanism, 
three anode categories are listed as follows:  

1) Intercalation/deintercalation materials: porous carbon, carbon 
nanotubes [71] and graphene [72], TiO2 [73], Li4Ti5O12 [74], etc.;  

2) Alloy/non-alloy materials: Si [75,76], SiO [77], Ge, Sn, Al, Bi, SnO2 
[78], etc.;  

3) Transition metal oxides (MnxOy, NiO, FexOy [79], CuO, Cu2O, MoO2, 
etc.), metal sulfides, metal phosphides and metal nitride (MxXy, X =
S, P, N). 

The most commonly used anode material in the market currently is 
graphite electrode. According to reports, P, S, B, N and other hetero
atoms can effectively alter graphite’s electrical neutrality and form six- 
membered heterocyclic compounds, which is beneficial to the electro
chemical conductivity and lithium embedded capacity. For example, the 
N atom, compared with the C, possesses higher electronegativity, has a 
smaller atomic radius, and forms stronger interaction with Li, which are 
beneficial for Li+ insertion. The induction property caused by doping is 
related to the content of the heteroatom. Ni has a high electronegativity, 
and the charge transport capacity was the highest when the doping 
amount of nitrogen was about 10 %. On the other hand, P has electron- 
donating characteristics, and the doping amount between 2.5 % and 6.7 
% can provide ordered structure and improve the specific surface area. 
N, P and S ternary doping can produce a unique synergistic effect, of
fering superior electrochemical performance [50]. 

Zhong et al. prepared the yolk-shell structure MoS2@PPNS-C using 
PPNS as the carbon skeleton, leading to a high specific capacity (883 
mAh⋅g− 1) of cycling stability at the current density of 100 mAh⋅g− 1. DFT 
analysis shows (Fig. 9(d)) that N, P and S from polyphosphazenes can 
change the local charge density to generate more active sites, and the 
defects caused by doping can improve the electron transfer rate [80]. 
Besides, polyphosphazene-C was characterized as a typical mesoporous 
material via N2 adsorption/desorption isotherm tests, with specific 
surface area up to 971.3 m2⋅g− 1. It was prone to decomposition, giving 
rise to gas diffusing out from the inside of the flocculent structure 
formed by oligomers and small molecules during the pyrolysis process of 
polyphosphazene at low temperatures of 500–800 ◦C within the N2 or Ar 
atmosphere. The large specific surface area and multi-channel structure 
dramatically contribute to ion diffusion, adsorption-desorption and 
effective contact of the reactive sites. So, the multi-porous carbon 
structure will be formed spontaneously without additional pore reamers 
and the original nanostructure can still exist stably with limited collapse 
phenomena [27]. 

Zhou [8] used HCCP as the precursor of PPN nanoparticles, as 
illustrated in Fig. 9(a, b, c). At a high temperature of 700 ◦C, HCCP 
covalently bonded with the hydroxyl group of GO, leading to ring- 
opening polymerization by itself to obtain uniformly dispersed PPN 

nanoparticles on the GO surface. The doping of P and N endows GO with 
excellent charge-discharge and magnification performance. The capac
ity of GO was up to 1002 mAh⋅g− 1 at the current density of 100 
mAh⋅g− 1, and still maintained at 321 mAh⋅g− 1 at the higher 5 A⋅g− 1. 

3.4. Diaphragm 

As an indispensable component in a battery, the diaphragm acts as an 
isolation device between the positive and negative electrodes. It only 
allows ions to penetrate the diaphragm while forbidding the passage of 
free electrons, thus preventing short circuits in the battery [81]. At 
present, most commercial lithium-ion batteries use polyolefin micro
porous membranes (e.g., polyethylene (PE), polypropylene (PP)). 
Polyolefin diaphragms could provide stable mechanical/chemical 
properties and deliver high-temperature closed cell function, ensuring 
the thermal safety of lithium batteries [82]. The production technology 
of polyolefin diaphragms can be divided into dry process and wet pro
cess. The dry process is rather simple and economical with low pollu
tion. But the regulation of pore size, distribution, and porosity is hard to 
standardize. What is worse is that the diaphragm is easily perforated 
[83]. On the other hand, the diaphragm synthesized through the wet 
process has a lower thickness, better air permeability and more even 
porosity, which can meet the requirements of miniaturization and the 
light weight of electronic products [84]. 

Excellent LIBs diaphragm generally needs to be equipped with the 
following requirements: (i) electrical insulation, which effectively pre
vents electrons from passing through; (ii) high mechanical strength and 
dimensional stability; (iii) chemical inactivity during the battery oper
ation; (iv) favorable electrolyte wetting; and (v) suitable aperture size 
and uniform distribution of holes. 

The polyolefin separator has a low affinity for the electrolyte, but 
good liquid storage capacity is required to provide the fast ion channel. 
It has been reported that, because of the high hydrophilicity and large 
specific surface area of nanoparticles, the poor electrolyte wettability of 
the diaphragm can be improved by filling [85] or coating [86,87]. 
Inorganic nanoparticles such as Al2O3, SiO2 and TiO2 also can effectively 
improve the mechanical strength, thermal stability and ionic conduc
tivity of the diaphragm [63]. However, the problems of agglomeration 
and shedding of nanoparticles consistently persist. 

Polyphosphazene with template-induced polymerization properties 
has been proven to be a good solution to the dispersion problem of 
nanoparticles. Fu et al. took HCCP and 4,4’-Sulfonyldiphenol (BPS) as 
monomers and triethylamine (TEA) as binding acids to synthesize 
cyclotriphosphazene-co-4,4-Sulfonyldiphenol (PZS) [88]. During the 
progress of the reaction, PZS was spontaneously and uniformly distrib
uted on the surface of SiO2, forming SiO2-PZS nanoparticles with a core- 
shell structure, as shown in Fig. 10(g). Stirring prepared SiO2-PZS with 
PVA and oxidized -β cyclodextrin, which was coated on both sides of the 
PE diaphragm. The core-shell structure of SiO2-PZS significantly 
improved the dispersion of SiO2 in the diaphragm. The ionic conduc
tivity of PE-SiO2@PZS diaphragm increased to 1.04 × 10− 3 S⋅cm− 1 

compared with PE-SiO2 (8.32 × 10− 4 S⋅cm− 1) and PE (8.25 × 10− 4 

S⋅cm− 1). Hydroxyl groups on the surface of SiO2-PZS not only enhanced 
the dissociation of lithium LiClO4 but also contributed to the wettability 
of the diaphragm to accelerate Li + ion migration. The core-shell 
structure of SiO2-PZS significantly improved the dispersion of SiO2 in 
the diaphragm. 

Lithium‑sulfur batteries have a high energy density (2600 Wh⋅kg− 1) 
and a good theoretical capacity (1672 mAh⋅g− 1) [89]. However, the 
shuttle effect of soluble intermediates lithium polysulfide (LiPSs), 
including S8, Li2S8, Li2S6, Li2S4, Li2S2 and Li2S, results in active damping 
substances [90,91]. Various strategies have been proposed to mitigate 
the shuttle effect and improve battery performance, such as designing 
advanced cathode materials [92], anode protection [93], and the 
development of functional interlayers or diaphragms [94,95]. 

To this end, the unique planar non-conjugated six-membered ring 

Table 4 
Compositions of gel-electrolyte samples [56].   

MEEP 
(mol) 

LiTf 
(mol) 

P4 
(mol) 

P4 
(mass %) 

O/Li 

MEEP (0)-30  1  0.2  0  0  30 
MEEP (15.0)-30  1  0.25  0.25  15.0  30 
MEEP (31.2)-30  1  0.33  0.66  31.2  30 
MEEP (48.7)-30  1  0.5  1.5  48.7  30 
MEEP (67.5)-30  1  1  4  67.5  30 
LiqP4 (100)-30   1  5  100  30  
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structure of HCCP endows it with good flame retardancy and electro
chemical stability [96]. Zheng grafted HCCP onto reduced graphene 
oxide (rGO) through chemical reaction between hydroxyl and active 
chlorine atoms, and then made it into a paste to be coated on the dia
phragm [97]. The absorption band at 1018.8 cm− 1 in Fig. 10(c) corre
sponds to the P-O(Ph) band, and 1163.1 cm− 1 belongs to the 
characteristic absorption peak of C–P [98], proving that HCCP suc
cessfully grafted onto the rGO slice layer. Fig. 10(d) depicts the bonding 

state between HCCP and rGO. As shown in Fig. 10(f), the electro
chemical performance of modified HCCP/rGO was significantly 
improved, and the reversible capacity was maintained at 565.2mAh/g 
after 130 cycles at a current density of 1 A⋅g− 1. During the whole cycle, 
the coulomb efficiency was maintained at about 100 %, indicating that 
the composite has excellent electrochemical reversibility. 

Zheng utilized density functional theory (DFT) calculations to 
analyze the interaction between HCCP and lithium polysulfide (LiPSs). 

Fig. 9. The (a) synthesis strategy and (b) SEM image of PPN/GN [8]. (c) The rate capabilities of PPN/GN and GN electrodes at different current densities [8]. 
Copyright 2016, Royal Soc Chemistry. (d) The side and top views and binding energies of the N, P, S adsorption sites [80]. Copyright 2011, American Chemi
cal Society. 
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Fig. 10. (a) SEM and (b) TEM images of the HCCP/rGO composite [97]. (c) FT-IR spectrum and (d) molecular structure of the HCCP/rGO [97]. (e) Charge-discharge 
profiles and (f) the cycling performance of the cells with HCCP/rGO-coated, rGO-coated, HCCP-coated and unmodified separator [97]. (g) Synthesis scheme of SiO2- 
PZS nanoparticles [88]. Copyright 2018, Elsevier. (h1) The theoretical model structure of HCCPs/rGO. (h2) The li-S cluster model structure of each lithium stage. 
(h3) The structure model of Li2S absorbed on HCCP/rGO [97]. Copyright 2018, Wiley-VCH. 
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The binding energy statistics of LiPSs and HCCP/rGO absorbed at 
different sites were obtained, indicating that HCCP/rGO fixed LiPSs 
mainly through the Li–N bond [97]. The electron domain of rGO 
enhanced the electronegativity of the N atom, which increased its strong 
tendency to attract polar LiPSs. In particular, the structure remained 
intact when Li2S was absorbed at different sites. 

3.5. Other applications 

In addition to their promising research as solid electrolyte and anode 
materials, polyphosphazenes also have cross-field exploration in other 
applications, including flexible solid batteries, lithium metal batteries, 
etc. 

Lithium metal is the exemplary anode material with the highest 
theoretical capacity (4200 mAh⋅g− 1) and the lowest electrode potential 
(− 3.04 V vs SHE), which can meet high energy density demand 
[99,100]. However, the problems of internal short circuits, fire and even 
explosions caused by lithium dendrite hinder the popularization of 
lithium metal batteries [101,102]. Liebenau obtained the lithium sub
strate tightly covered with particle SPE by mechanically imprinting the 
substrate and then dropping the mixture of MEEP (Fig. 11) [103,104]. 
After 50 cycles, no lithium dendrite was formed, and the SPE film was 
not damaged. This method does not need post-treatment and is easy to 
operate, which is of great significance to the research of lithium metal 
electrodes [105]. 

Pearse demonstrated the fabrication and advances of the atypical 
atomic layer deposition (ALD) process [106] for a solid electrolyte film 
of lithium polyphosphazene, which was reacted between lithium tert- 
butoxide (LiOtBu) and diethyl phosphoramidite (DEPA). The advance
ment of the ALD technology allows pinhole-free deposition even on the 
rough metal surface, greatly reducing the micropore between electrodes 
and electrolyte, and replacing the sputtering process well [107]. 

4. Conclusion 

Polyphosphazene is a promising material for wide-ranging 

applications. It can be made into various structural shapes (e.g., nano
spheres, nanowires), prepared by various methods (e.g., ring-opening 
polymerization, cationic polymerization), and designed with various 
functions. 

With the unique chemical structure, high reactivity and multi- 
functional application potential, polyphosphazenes have been devel
oped and applied in many battery components, especially as a polymer 
electrolyte, giving better ionic conductivity compared to PEO. But many 
difficulties persist, limiting practical application. The key is to find the 
balance between good segmental mobility (supporting high conductiv
ity) and good mechanical stability via various processing treatments. 
Significant efforts are needed to achieve Li+ ionic conductivity of 10− 3 

S⋅cm− 1 at ambient temperature. 
Compared with the graphite anode, the specific capacity of poly

phosphazenes carbon material has been greatly improved because of in- 
situ heteroatom doping. However, at high temperature, heteroatoms 
migrate and escape, and graphitization destroys the original structure of 
polyphosphazenes materials, resulting in the fracture and rearrange
ment of atomic bonds affecting the synergistic effect of the heteroatom 
doping system. A possible research direction is for polyphosphazenes to 
be recombined with other lithium storage materials like alloy materials 
or transition metal oxide materials, etc., so as to change the doping mode 
of heteroatoms, and maintain the structure and performance of the 
material. The benefits of phosphonitrile in the diaphragm and other 
batteries is also of interest. When polyphosphazene is used as a separator 
in the lithium ion battery, the key problem that needs to be solved is the 
aggregation and shedding of polyphosphazene and its composite parti
cles. Polyphosphazene materials have advanced significantly and are 
gaining increasing traction in energy storage, but mechanistic under
standing of the underlying benefits (e.g., chain formation) is still amiss. 

At present, research on the energy storage application of poly
phosphazene materials is mostly at the laboratory level. Challenges that 
need to be overcome for practical industrial application include the ease 
of breakage of the molecular chain, low conductivity, and high cost. 
Concurrently, issues with respect to sustainability and environmental 
friendliness need to be considered. 

Fig. 11. (a) Scheme of the block-pressing and drop-coating processes with directed lithium deposition [103]. Copyright 2019, WILEY. (b1)–(b4) SEM images and 
energy spectrum analysis of the cross-section. (c) The molecular architectures of LiOtBu and DEPA and the diagrams of membrane electrolyte [107]. (d) Schematic of 
the proposed molecular structure of the ALD-grown lithium polyphosphazenes [107]. Copyright 2017, American Chemical Society. 
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